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ABSTRACT 
This thesis is divided into four chapters. The first chapter is introductory 
and discusses primary and secondary metabolism with a special reference to the 
polyketide, fatty acid and terpenoid pathways. Chapter 1 also gives a short review 
of biosynthetic methodology, concentrating on the use of nuclear magnetic 
resonance techniques. 
Chapter 2 concerns aspyrone, a metabolite of Aspergillus melleus. 
Experiments with [1- 13C, 1802] acetate and 1802 gas revealed that none of the 
oxygens were derived from acetate, three being derived from the atmosphere and 
one from the medium. Incorporation of [2- 13  C, 2H3] acetate makes it unlikely 
that C-7 was ever part of a double bond. A biosynthetic pathway is proposed to 
fit these results. 
Chapter 3 concerns the biosynthesis of tajixanthone and shamixanthone, 
metabolites of Aspergillus variecolor. [Methyl-' 4C]- and [methyl- 2113 ] 
chrysophanol were synthesised and fed to Aspergillus variecolor to show that 
chrysophanol is a specific precursor for tajixanthone and shamixanthone. 
Synthesis of different pyrones, anhydrides and diacids have been carried out in an 
approach to the synthesis of labelled aromatic intermediates required for 
biosynthetic studies. 
Chapter 4 concerns meroterpenoid metabolites of Aspergillus species. 13 C 
And 'H assignments have been carried out for andibenin-B, andilesin-A and 
anditomin, metabolites of Aspergillus variecolor and Aspergillus stellatus 
respectively using a wide variety of NMR techniques. Also in this chapter the 
synthesis of the following labelled precursors is discussed: [6- 14C]-, [4- 2H2]-, [5-
2H2]-, [6- 21-13 1-, [6- 13C, 6-21-1 31-, [4- 13C, 5-2112] and [5- 13C, 4- 2H2 1 mevalonic 
acid lactones. 
111 
Incorporation of [6- 211 3 1-, [5- 21-1 3 ]-, [6- 13C, 6- 214 3 1-, and [4- 13C, 5_2II2]_ 
mevalonates into andibenin-B, andilesin-A and austin and subsequent 2H and 
NMR analysis provides information on the formation of the terpenoid derived 
portion of these metabolites, and in particular on the mechanism of formation of 
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CHAPTER 1 
BIOSYNTHESIS OF POLYKETIDES AND TERPENOIDS 
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A natural product is any substance isolated from living organisms. Although 
the number and variety of compounds isolated from living material are very great, 
the most striking fact is that the same types of compounds are common to all life 
as we know it. 
The study of natural products began with the isolation, identification, and 
classification of compounds occurring in and associated with living materials. 
Synthesis of natural products is of vital importance in manufacturing 
physiologically active compounds, and many organic chemists working in the field 
of natural products today are more concerned with the chemical reactions 
occurring in the living cell. A particularly important development of recent years 
has been the study of biosynthesis - the way in which living organisms build up 
highly complex molecules out of simple starting materials. 
The main biosynthetic pathways are outlined in Scheme 1. 
1.2 Intermediary/Primary Metabolism 1 
The basic features of the energy-producing mechanisms are very similar in 
different types of organism. Integral stages in energy generation are clearly 
distinguishable: 
those in which macromolecules such as fats, proteins, and 
polysacchrides are degraded into their constituent parts. 
those pathways by which these molecules - fatty acids, certain amino 
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(iii) 	the tricarboxylic acid (TCA) or Krebs cycle and oxidative 
phosphorylation, in which the two-carbon fragment of acetyl-
coenzyme A is completely oxidized to carbon dioxide and ATP. 
Glycolysis (Scheme 2) is the ubiquitous mechanism for the conversion 
of D-glucose into pyruvate, and in aerobic organisms it is the prelude 
to the TCA cycle (Scheme 3). The rate of conversion is regulated to 
match both the cell's need to generate ATP and the requirement to 
furnish synthetic precursors for cellular components (e.g. 
phosphoenolpyruvate and 2-phosphoglycerate). The enzymes 6-
phosphofructokinase and pyruvate kinase constitute two important 
points of control of the glycolytic pathway and both are inhibited by 
high levels of ATP when the energy charge of the cell is high. 
For the efficient operation of the TCA cycle, both an adequate supply of 
oxaloacetate (as substrate for citrate synthetase) and NAD+  (as hydride acceptor) 
are required. The level of oxaloacetate can, from time to time, be reduced by the 
drain for biosynthetic purposes, and this loss can be made good by either of two 
mechanisms; oxaloacetate can be synthesised by the carboxylation of 
phosphoenolpyruvate or pyruvate, or by the series of reactions that is known as 
the glyoxylate cycle. Similarly, NAD is generated from NADH by oxidative 
phosphorylation and hence ultimately by the cell's demand for ATP. 
Apart from the essential cofactors (NADH, ATP and coenzyme A), nitrogen 
is absent from the central energy production pathways of glycolysis and the TCA 
cycle. It is supposed that both of these metabolic sequences were already 
established in some form before nitrogen was introduced into metabolism. 
Ammonia is the effective form in which nitrogen is inserted into organic 
substrates; in only a few simple chemical steps, eight of the twenty amino acids 
that occur in proteins may be developed from the central non nitrogen pathways 
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(Scheme 2 and 3). Heterocyclic nitrogen containing metabolites such as the purine 
and pyrimidine bases which lie at the centre of control mechanisms in present-day 
organisms were, on the basis of their presently understood biosynthetic pathways, 
comparatively late additions to metabolism. 
A significant feature of all organisms is that not only are the basic features 
of energy production very similar but the fundamental constituents: protein a - 
amino acids, sugars, fats, purines, and pyrimidines - are also the same, and 
moreover their pathways of biosynthesis bear a very close resemblance from 
organism to organism. Metabolites such as these, which occur in broadly similar 
patterns in all forms of living matter, are often referred to as intermediary or, 
because of their primacy in life, primary metabolites. 
For the efficient operation of cellular metabolism and for the avoidance of 
undesirable non-enzymic side reactions, concentrations of metabolites must be 
controlled and kept at a very low level. This poses both thermodynamic and 
kinetic problems. The former are overcome by the by-passing of reactions that 
have highly unfavourable equilibrium constants. Kinetic problems are taken care 
of by enzymes. 
1.3 Secondary Metabolism 1 ' 2 
In comparison with the ubiquitous intermediates of primary metabolism, an 
infinitely greater body of natural substances, alkaloids, phenols, polyenes, 
polyacetylenes, terpenes etc., occur sporadically throughout nature. These 
substances appear to have no explicit role in the economy of the organism that 
produces them, and because of their secondary role are commonly referred as 
secondary metabolites; they express the individuality of species in chemical terms. 
While the discrimination between primary and secondary metabolism is 
useful the boundary between the two areas of metabolism is nevertheless 
PO 
RCH2CH2CO2H - RCH2CH2COSCOA —'RCH=CHCOSC0A 
. RCH(OH)CH2COSCOA —RCOCH 2COSCoA 
- RCOSCoA + CH3COSCoA 
Scheme 4 The breakdown of fatty acids by s-oxidation 
CH3COSCoA + CO2 	> H02CCH2COSCoA 
CH3COSCoA + HSACP 	> CH3COSACP + HSCoA 
CH3COSACP + HSE 	> CH3COSE + HSCoA 
H02CCH2CO2SCoA + HSACP 	> H02CCH2COSACP + HSCoA 
CH3COSE+CH2(CO2H)COSACP 	> CH3COCH2COSACP+CO2+HSE 
CH3COCH2COSACP 	> CH3CH(OH)CH2COSACP 
CH3CH(OH)CH2COSACP 	> CH3CH = CHCOSACP 
CH3CH = CHCOSACP 	> CH3CH2CH2COSACP 
CH3CH2CH2COSE + CH2(CO2H)COSACP 
CH 3CH2CH2COCH2COSACp 
Scheme 5 Fatty acid biosynthesis 
ACP = acyl carrier protein and E = enzyme 
imprecise. Many secondary products exhibit growth-inhibiting or toxic properties 
toward other organisms and, if externally administered, frequently against the 
producer organism itself. These growth-inhibitory effects are well illustrated with 
various species of Streptomyces. 
There is ample evidence from the plant kingdom that many secondary 
metabolites are significant factors in the plant's interaction with its own natural 
habitat. In indigenous plant communities, secondary products from particular 
plants perturb the growth of other plants in the same locality, and may ultimately 
determine the distribution patterns of plants in relation to their neighbours. 
Secondary metabolites, principally of plant and microbial origin, are now 
numbered in their tens of thousands. Fortunately they are broadly divisible, on 
the basis of their structures and biosynthetic origins into several familiar and 
characteristic groupings from example polyketides, terpenes, and alkaloids. As the 
compounds discussed in this thesis are of polyketide and terpenoid origins a brief 
discussion of these pathways is given below along with the closely related primary 
metabolic pathway leading to the fatty acids. 
1.4 	Fatty Acid Biosynthesis 3 ' 4 
For many years it was thought that fatty acids were formed from acetate by 
the reverse of their breakdown by s-oxidation (Scheme 4). In 1958 it was 
realized that malonate is involved in fatty acid biosynthesis, and since then many 
of the details of the process have been elucidated using cell-free systems and 
purified enzymes 5 . The reactions are believed to occur on a multi-enzyme 
complex; fatty acid synthetase. 
The steps involved in fatty acids biosynthesis are shown in (Scheme 5). The 
carboxylation of acetyl CoA (step 1) is mediated by biotin, a cofactor in other 



















acetyl residue is then transferred from coenzyme A first to acyl carrier protein 
(ACP) and then to a condensing enzyme (step 2 and 3). Malonate is similarly 
transferred from coenzyme A to ACP (step 4) and condensation occurs to give 
acetoacetyl ACP and carbon dioxide (step 5). The simultaneous decarboxylation 
makes the condensation process energetically favourable. The protein-bound 
acetoacetate now undergoes successively, reduction (step 6), dehydration (step 7) 
and reduction (step 8) to give butyryl ACP. 	Reduction of the 3-ketoacyl 
condensation 	product is stereospecific, giving rise to a (3R)-hydroxyacyl 
intermediate 6, which is dehydrated to give exclusively the trans 2-enoyl derivative 
(Scheme 5). The dehydration step involves syn-elimination of the (pro-2S)-
hydrogen with the (3R)-hydroxyl group, and the condensation proceeds with 
inversion of configuration at C-2 of malonate 7 . 
It can be seen from scheme 5 that there are no free intermediates between 
acetate (and malonate) and the final long chain acids, and that the first two carbon 
unit of the growing chain is derived directly from acetate whereas the remainder 
are derived from malonate. 
1.5 Polyketides 
The biosynthesis of polyketides is of relatively minor significance in plants, 
but is particularly well developed in bacteria, fungi, and lichens. This route is 
largely responsible for the great variety of secondary metabolites produced by such 
organisms. Examples of polyketides include orsellinic acid (1) (a common 
metabolite from fungi and lichens), endocrocin (2) (an anthraquinone pigment 
produced by the lichen (Centralia endocrocea) and the fungus (Claviceps purpurea), 
griseofulvin (3) (an important antifungal antibiotic generated by Penicilliuni 
griseofulvum), and curvularin (4) (a macrolide, synthesised by some Curvularia 
species). 
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Scheme 7 
These compounds are called "polyketides" and arise from polyketomethylenic 
chains [_(CH2CO)m_],  formally ketene polymers. There is a close parallel 
between the biosynthesis of fatty acids and polyketides, since in both cases, the 
formation of linear chains proceeds by the addition of C 2 units (Scheme 6). 
Nevertheless, whilst in fatty acid biosynthesis every C 2 unit is added to the 
growing chain only after reduction of the previous carbonyl unit to a methylene 
group, the growth of a polyketide chain does not usually require such prior 
reduction. Instead poIy.. --ketoacids are formed: such compounds are very reactive 
since they contain both active methylene groups (potential nucleophiles) and 
carbonyl groups (potential electrophiles). 
The great variety of polyketide structures arise from the different cyclisation 
processes possible for a fixed chain length, and a number of different skeletal 
modification (Scheme 7), shows the structural variety which can be obtained from 
different types of condensation. 
An aldol type condensation (a), leads to orsellinate structures, while Claisen 
type condensation (b), leads to acylphloroglucinol structures. 
Cyclisation as in (JL) leads to y-pyrones, while lactonisation (c) yields a-
pyrones. Lactone formation is quite common in polyketides, while ether formation 
is less common, and most often occurs in association with an aromatic 
condensation, as in the case with the flavones. 
Birch's biogenetic acetate rule states that the synthesis of polyketides usually 
takes place in four successive steps: 
(i) 	The addition of the C 2 units (chain assembly). 
Oxidations, reductions and alkylations of the polyketide chain. 
(iii) 	Stabilisation of such chains, by intramolecular cyclisations. 
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Figure 1. Hypothetical scheme for polyketide assembly and cyclisation 
(iv) 	Secondary modifications of the functions of the mono- or polycyclic 
skeleton resulting from step (iii). 
It seems likely that the polyketide backbones are formed by step wise 
condensations of malonate with a growing protein-bound chain as in fatty acid 
biosynthesis. The polyketo-methylene chains must somehow be protected during 
their growth, since they are chemically very unstable and spontaneous, 
intramolecular reactions can occur in vitro in the absence of potection. The 
multienzyme complex which forms such chains probably fulfills the protection 
role itself; hydrogen bonding or metal-chelation may be involved. When the 
polyketide chain reaches a suitable length, a well-defined folding of the enzyme-
polyketoacid complex takes place, followed by stabilisation reactions 
(condensations, etc.) and final release of the product polyketide from its matrix 
(steps g-i, Figure 1). 
Structural modifications to the polyketide chain can sometimes be recognised 
in the final product, some, such as alkylations, reductions, etc. usually take place 
before final stabilisation as indicated by the results from certain incorporation 
experiments (e.g. steps e and f, Figure 1). 
Clavatol (5), for instance, produced by Aspergillus fumigatus, incorporates 
[methyl- 14C]-methionine into the methyl bound to the benzene ring, but does not 
incorporate either [1-' 4C]-2,4- dihydroxyacetophenone (6) or [1- 14C]-2,4-
dihydroxy-3-methylacetophenone (7) (Scheme 8). This result means that the two 
methyls are introduced into the polyketomethylene chain and not into the aromatic 
ring. Both (6) and (7) are incorporated by A. fumigatus but they are transformed 
into metabolites other than clavatol. 
For certain biosyntheses, condensation or two polyketide chains, to give the 
final polyketide structure is possible. The majority of evidence, however, shows 
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that a single chain process operates whenever possible, an exception to this 
generalisation is the biosynthesis of radicinin (8). A single chain process has been 
shown to be inapplicable by 13C labelling studies, the results of which are in 
agreement with the biosynthesis involving condensation of two polyketide chains, 
shown in Scheme 9. 
1.6 Terpenes 
Terpenes are the most abundant and widely distributed group of natural 
products found in plants. During the nineteenth century the structures of some of 
the components of the volatile or "essential" oils of plants were established. Many 
of these were found to be unsaturated hydrocarbons C 10H 16, and they were given 
the group name terpenes, a name etymologically related to turpentine and alkene. 
Along with the hydrocarbons were found alcohols and ketones with similar 
skeletons and the whole group have sometimes been called terpenoids. 
The ready availability of these compounds together with their utility 
provided an early incentive for chemists to investigate them, and the structures of 
many of the simpler ones were established in the last century. It soon became 
apparent that the compounds possessed a common structural feature: they 
contained an integral number of C 5 units as shown for geraniol (9), thujone (10), 
and camphor (11). Furthermore, isoprene, 2-methylbuta-1,3-diene (12), was often 
obtained on pyrolysis of these C 10 compounds, and it was suggested that the 
isoprene was the building block for terpene biosynthesis: condensation of 
successive isoprene units in head-to-tail fashion would produce compounds of 
formula (C 5 ). This was known as "the isoprene rule" and 8 '9 hence the term 
isoprenoids. 
The early steps of the biosynthetic pathway are the same in all plants, 
animals and bacteria. Acetoacetyl coenzyme-A is available from oxidation of 
fats or from condensation of two acetyl coenzyme-A molecules. Aldol type 
8 
condensation with another molecule of acetyl CoA and hydrolytic cleavage from 
the enzyme gives (S)-3-hydroxy-3-methylglutaryl-00A. The third ester group of 
this is reduceLby NADPH giving (R)-mevalonate. The reduction step is virtually 
irreversible and the mevalonate is used only to produce terpenes. Control of the 
concentration of the enzyme catalysing the reduction of hydroxymethyiglutaryl-
CoA is probably the principal mechanism for regulating the amount of acetate 
converted to terpenes. The mevalonate is converted to isopentenyl pyrophosphate 
(3-methylbut-3-enyl pyrophosphate) by phosphorylation by ATP and 
decarboxylation. Isopentenyl pyrophosphate is readily converted to terpenes by a 
kind of condensation-polymerization. Isomerization gives dimethylallyl 
pyrophosphate (3-methylbut-2-enyl pyrophosphate) which has a reactive allylic 
pyrophosphate group. 
In the combination of IPP with DMAPP, which is enzymatically controlled, 
the C-5 carbon atom of DMAPP, undergoes inversion of configuration in 
agreement with a formal SN2  mechanism. The product geranyl pyrophosphate has 
the 2,3 E-double bond (Scheme 10) its formation is accompanied by the retention 
of the Pro-R-H from C-4 of mevalonic acid. Further condensation of geranyl 
pyrophosphate with isopentyl pyrophosphate gives the C-15 isoprenoid precursor, 
farnesyl pyrophosphate. 
1.7 Biosynthetic Methodology 
1.7.1 The design and interpretation of labelling experiments 10 
Some of the principles involved in carrying out biosynthetic work have been 
discussed in a number of texts 2a,2d,2b,11  The most fundamental method for 
establishing the intermediates involved in a biosynthetic pathway is to label likely 
compounds with an isotope and then use this isotopic label to assess the extent to 
which the compounds are incorporated into the products of the pathway. There 
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J is the metabolite of interest. 
A and B are precursors. (The term "prime precursor" has been coined for the 
species furthest in to the secondary route which is also involved in general 
metabolism - in this case B). 
C and D are obligatory intermediates. 
F, G, H and I are non-obligatory intermediates. 
K and L are not intermediates but may label J non-specifically. 
E is a "shunt metabolite". 




of true precursors, is often observed. Compounds of general metabolic importance 
may show low incorporation into the metabolites of interest due to the diversity 
of other routes open to them. In studies using whole organisms, particularly in 
the higher plants, structurally complex or highly polar intermediates may not be 
able to cross cell membranes, or may not be transported to the site of biosynthesis 
in highly differentiated organisms, or they may be degraded or otherwise 
metabolised before they can be utilized. Therefore a negative result is always 
inconclusive and must be regarded with caution. 
Careful interpretation is also required in the case of apparently positive 
results, particularly when using the isolation and incorporation of other metabolites 
to obtain information on the later stages of a pathway. Scheme (11) illustrates 
some of the problems. Thus, a compound (L) may be isolated, which when 
labelled appears to be incorporated into the final metabolite. However, unless it 
can be shown that the label is incorporated specifically (i.e. from a known position 
in the precursor into a corresponding position in the mtabolite of interest),, the 
possibility remains that degradation has taken place. A striking example of this 
was provided by the reported intact incorporation of [14- 14C] palmitic acid (13) 
into brefeldin A (14) by cultures of Penicillium brefeldianum. However 
subsequent work showed that the observed incorporation was due to degradation of 
palmitic acid to produce [2- 14C]-acetyl CoA (15) which was then incorporated to 
produce brefeldin A labelled as shown in Scheme 12. 
Even if specific incorporation can be demonstrated, the supposed 
intermediate may not lie on the main pathway, but may be formed reversibly as 
"shunt" metabolite (E) from a compound (D) which is on the pathway. A further 
complicating factor is the often observed lack of specificity of the enzymes of 
secondary metabolism giving rise to a metabolic grid, as illustrated by compounds 
(D), (F), (G), (H), (I) and (J) in Scheme 11. As indicated there are three possible 
10 
routes from (D) to (J) so that (F), (G), (H) and (I) are all possible but not 
obligatory intermediates. 
1.7.2 Radioisotope labelling 
Labelling with the radioactive isotopes 14C and 3H was the most powerful 
method of biosynthetic investigation before the advent of 13C NMR techniques. 
The major advantage of these radionuclides is their negligible natural abundance, 
which, when coupled with the low limits of detection of modern liquid 
scintillation counters 12  allows very low levels of precursor incorporation to be 
accurately measured. 
The main disadvantages are the need to obtain radiochemically pure 
compounds and the problem of establishing specificity of incorporation of label. 
This usually requires experimentally demanding and often impractical degradative 
chemistry, especially where the metabolite has been labelled from a simple 
precursor such as acetate or mevalonate and is labelled in many sites. More 
complex intermediates may be labelled in two sites with both 3H and 14C in a 
known ratio and administered to an organism. The isolation of a product with 
the same 3 1-1: 14C ratio as the precursor provides good evidence for intact 
incorporation of the precursor. This remains a good method for obtaining 
information on the stereochemical fate of particular hydrogen atoms in a 
molecule, although 2H, 13C double labelling' 0 and 2H labelling in conjunction 
with 2H NMR analysis 13 are replacing it. 
Nonetheless, if accurate quantitative data on the incorporation of labelled 
atoms into a metabolite is needed, but precise location of the label is not 
important, the use of radioisotopes is still indicated. 
11 
1.7.3 Assignment of 'H and 13C NMR spectra 14 
The complete assignment of 1 H and 13C NMR resonances of natural product 
is usually a prerequisite for ensuring biosynthetic experiments with stable isotopes. 
Generally after the normal 1 H NMR and broad band proton -decoupled 13C NMR 
have been acquired, the most widely useful sequence could be: 
determination of the complete proton coupling scheme by 1 H 
homonuclear chemical shift correlation (e.g. COSY = correlated 
spectroscopy) 15 ' 16 
determination of the number of hydrogens attached to each carbon by 
spin echo Fourier transform (SEFT) 17 or polarization transfer 
experiments 15 (e.g. DEPT = distortionless enhanced polarization 
transfer) 18 . 
determination of which protons are connected to a particular carbon 
(e.g. 'H, 13C heteroscalar chemical shift correlation) 15,19,20;  and if 
sufficient sample (minimum Ca, 0.5 mmol) is available. 
possible determination of the complete carbon connectivity pattern by 
homonuclear 	chemical 	shift 	"correlation" 	(e.g. 	213- 
INADEQUATE) 15 '21 . 
An excellent summary of standard 13C NMR spectroscopy of natural 
products is available which contains extensive tables of chemical shifts 22 . 
In addition to its use in biosynthetic experiments, isotopic substitution of 
hydrogen by deuterium is a well-established method for identification of carbon 
resonances 13 '23 . Reduced nuclear Overhauser enhancement (NOE), quadropole 
broadening, and coupling to deuterium greatly decrease the signal intensity of 






(6 ) 	R=NC 
17 ) R= N 13CS 
18 ) R= NH13CHO 
spectra. Although carbons two or three bonds away give the normal sharp signals, 
they often display measurable chemical shift changes (fi and ' isotope shifts) 24 . 
1.7.4 Single 13C-labelling 
The label from 13C-enriched precursors is traced by obtaining the proton 
noise decoupled (p.n.d.) 13C NMR spectrum of the labelled metabolite and 
observing which signals show increased intensity in the natural abundance 
spectrum. This direct method was first used 25 to study the incorporation of [1- 
and [2- 13C]-acetates into radicinin (scheme 13) and has since been widely 
adopted. 
1.7.5 Detection by mass spectrometry 
In cases where insufficient material is available for even an 1 H-NMR 
spectrum, mass spectroscopy (MS) offers a powerful alternative for detection of 
carbon-13. It also has the advantage that the number of isotopic atoms per 
molecule can be easily determined 26. The historical limitation of sample volatility 
has been largely eliminated by the advent of FAB-MS 2629. In an interesting 
application of gas chromatography/mass spectroscopy (GC-MS), Scheuer and 
coworkers investigated the metabolism of [ 13C]2-isocyanopupukeanane (16) using 
living sponges (Hymeniacidon sp.) in their natural ocean environment 30 . 
Extraction of the sponges two weeks after incorporation of 2-
isocyanopupukeanane, followed by GC-MS of the extracts demonstrated 
transformation of the precursor to (17) and (18). However for most applications 
where incorporation rates are high, 13C NMR spectroscopy to detect signal 
enhancement is generally the most effective means of locating the position and 
extent of carbon labelling. 
1.7.6 Double 13C-labelled precursors- 'The bond labelling concept' 10 
This has been one of the major developments in biosynthetic methodology 
and permits information to be obtained which would have been impossible or at 
13 
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Figure 2a-c. Simulated PND 13C NMR specta of a polyketide moiety: a. at 
natural abundance, b. enriched from [1,2- 13C2] acetate and c. after cleavage or 
rearrangement of an originally intact acetate unit. 
best extremely difficult to obtain by classical radioisotope labelling techniques. 
The basic concept can be illustrated by consideration of a model polyketide system 
(Figure 2). 
If we consider a molecule of acetate in which both carbons are entirely 13C, 
[1,2- 13C2] acetate, it contains two adjacent nuclei of spin 1/2 and so they will 
couple to each other. If this acetate molecule is incorporated intact into a 
metabolite, then in any individual molecule, those pairs of carbons derived from 
an originally intact acetate unit must necessarily both be enriched simultaneously 
and so will show a mutual 13C- 13C coupling. Thus if C-i is enriched, then C-2 
must also be enriched. In the resultant 13C NMR spectrum, the natural abundance 
signal is flanked by 13C- 13C coupling satellites (Figure 2b). By analysing the 
coupling patterns, information is obtained on the way in which the precursor 
molecules are assembled on the enzyme surface, and on the way, in this case the 
polyketide, chain folds up prior to condensation and cyclisation. If at any stage in 
the biosynthesis the bond between two carbons originally derived from an intact 
acetate Unit 1S broken, then the 13C- 13C coupling is lost and these carbons then 
appear simply as enhanced singlets, as shown for C-3 and C-4 in (Figure 2c). In 
this way bond cleavage and rearrangement processes occurring during biosynthesis 
can be detected. 
Couplings are generally between 30 and 80 Hz and increase in 
proportion to the amount of "s" characters of the atoms in the bond. Hence sp 3 -
sp 3 bonds are typically 35 Hz; sp2 -sp 3 are 45 Hz, and sp2-sp2 are 60 Hz. 
Substitution of one or both atoms by oxygen increases the size of the coupling. 
Couplings may also be confirmed by selective homonuclear 13C- 13C decoupling or 
by obtaining a 2D INADEQUATE spectrum 15 . 
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1.7.7 Quantitative 13CMeasurements 10 
In principle at least, quantitative values for the degree of enrichment by 
labelled precursors and intermediates can be determined by comparing the 
integrated intensities of different carbon resonances in the PND 13C NMR 
spectrum. The percentage of 13  isotope above natural abundance has been 
defined as: 
% enrichment = 1.lx(Integrated intensity at labelled centre) -1.1 
(Integrated intensity at unlabelled centre) 
and specific incorporation = % enrichment 
atom % 13Cin precursor 
In practice, however, comparing signal heights or integrals is problematic and the 
complications have been widely discussed 31,32  Due to the wide range of spin-. 
lattice relaxation times (T 1 's) encountered in 13  C NMR spectroscopy and the 
variable effects of the nuclear Overhauser enhancement (NOE) induced by proton 
decoupling, the line intensities in a 13C spectrum usually show wide variation even 
in a natural abundance spectrum. Fourier iransform: NMR spectrometer s exacerbate 
this problem using normal pulse sequences and add another one: the digitization of 
data often results in a poorly defined peak shape. The first problem can be 
circumvented to an extent by comparing unenriched and enriched resonances of 
carbons in a similar environment, but a better solution is to obtain natural 
abundance and enriched spectra under identical conditions, normalise both spectra 
to a standard which is known to be unlabelled, and compare the intensities of the 
lines in the two spectra directly. An alternative approach is to add a paramagnetic 
relaxation agent such as chromium tris-acetoacetonate which suppresses the NOE 
and shortens the T 1 1 s. It may be also necessary to use "inverse gated" proton 
decoupling in which the NOE is reduced by only decoupling during acquisition. 
Further allevation of the effects of long T 1 's may be achieved by the use of a long 
delay between pulses 32 . 
15 
Table I Some properties of hydrogen isotopes relevant 





Mass 1.00797 2.01410 3.01605 
Natural Abundance 99.985 0.0160 1 in 10 17 
Nuclear Spin + I + 
Quadrople Moment - 0.0027 - 
Relative Sensitivity 1.00 0.00965 1.21 
Relative Gyromagnetic Ratio 1.000 0.154 1.067 
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1.7.8 Tracing the fate of hydrogen atoms 
The use of NMR spectroscopy to trace hydrogen in biosynthetic pathways 
has been reviewed 13 . All three of the isotopes of hydrogen are NMR active and 
each will be briefly considered in turn. Some of the properties of each nucleus 
are given in Table 1. 
1.7.8.a Protium NMR 
Although protium, cannot be used as a tracer under normal circumstances, 
proton NMR has played a central role in biosynthetic studies2 . In 	this 	thesis 
assignment of proton-NMR spectra was a prerequisite to using deterium as a tracer 
in biosynthetic studies. 
A number of biosynthetic studies employed 1 H-NMR to observe 
coupling due to the enriched carbons. Recent introduction of pulse methods to 
produce edited 'H-NMR spectra containing only the coupled peaks permitted 
observation of labelled sites in vancomycin (19) (10% 13C/site) derived from 
DL[2. - ' 3C]p.hydroxyphenylglycine (20). 
1.7.8.b Tritium NMR 13 
The nuclear properties of tritium are ideal for detection by NMR 
spectroscopic methods. 	The magnetogyric ratio is 	the 	highest known 	for an 
isotope and the NMR resonant frequency is 106.7 MHz at 23 KG (compare 'H at 
100 MHz). The nuclear spin of f results in proton-like spectra with narrow line- 
widths being obtained. Chemical shift values are very similar to those of the 
equivalent proton; hence signals can be readily assigned by reference to the 'H 
NMR spectrum. 	Coupling constants are also easily evaluated 	as the 	ratio of 
coupling 	constants 	J( 3H- 1 H)/( 1 H- 1 H) is proportional 	to 	the magnetogyric 
constants (1.067). The nuclear Overhauser effect observed with tritium is small 
and negative, the theoretical maximum being 47% compared with 199% for 





HCO 2 H 








measure of isotopic content at each site which has been found to agree reasonably 
well (± 10%) with tritium analysis by conventional counting methods. 
A consequence of the high magnetogyric ratio is that tritium NMR is the 
most sensitive NMR method available. This, combined with the negligible level of 
tritium at a natural abundance, enables spectra to be run on samples containing as 
little as lmCi of radioactivity (0.0034 atom % tritium), a level which presents only 
slight radiological hazard. Special screening precautions are not therefore 
necessary, although it is advisable for this type of work to be segregated from 
normal radioactive tracer work because of the high risk of cross contamination. 
The method is less sensitive than liquid scintillation counting for tritium analysis, 
but obviates the need for extensive chemical degradation to locate the sites of 
enrichment. 
The first reported biosynthetic application of 3H NMR was a study of the 
35 incorporation of [ 3H] acetate into penicillic acid (22), a metabolite of Penicillium 
cyclopiwn which has been studied extensively with carbon isotopes. In preliminary 
experiments, no loss of tritium label was detected from either [ 3H]-acetate or the 
tritium-enriched metabolite under physiological conditions, but some loss of 
tritium relative to 14C was observed during the biosynthesis. 
The tritium NMR spectrum derived from [ 3H]-acetate was assigned by 
reference to the corresponding proton NMR spectrum. Tritium was found to be 
present at the 3-, 5-, and 7- positions consistent with the overall mode of 
biosynthesis shown in Scheme 14 via orsellinic acid (21).. 
1.7.8.c Deuterium NMR 13 
Deuterium is a quadropole nucleus with spin 1. As a consequence of the 
lower magnetogyric ratio, deuterium resonates at 15 MHz in a magnetic field of 23 





































deuterium NMR spectra are closely similar to those of the equivalent protons, 
although the scale in Hz is only 15% that of the proton NMR. Coupling constants 
J(2H 1 H) also approximate to one-sixth the value of J('H- 1 H). The relaxation 
behaviour of deuterium is dominated by a quadropole enhanced mechanism and 
this results in extensive line-broadening. The two major limitations of deuterium 
NMR are spectral crowding and poor resolution, but there is one major advantage 
over other NMR techniques. The short relaxation times, combined with the 
absence of NOE effect, minimise the possibility of partial saturation. The extent 
of enrichment in a partially deuteriated molecule may therefore be determined 
accurately by integration. 
Other advantages of using 2H NMR in biosynthetic study are, firstly, that it 
is an inexpensive tracer which, unlike tritium, does not require special handling. 
Secondly, compared with 13C (natural abundance 1.1%), the natural abundance 
(0.016%) enables the incorporation of deuterium-labelled precursors to be 
positively identified (by a doubling in peak height over natural abundance) even 
after 6600 fold dilution of the precursor in the metabolic pool. The incorporation 
of molecules singly labelled with 13C can only be detected with confidence at 
dilution levels of less than 100 fold. Thus 2H NMR is effectively sixty times 
more sensitive than 13C NMR. This extra sensitivity may be particularly useful in 
studies on non-microbial systems where incorporations are generally lower. 
One of the earliest biosynthetic applications of 2H NMR spectroscopy was in 
a study of griseofulvin (23)36  in Penicillium urticae which has been extensively 
studied with deuteriated precursors. The 5 ct and 5 B hydrogens could be resolved 
in the 2H NMR spectrum and it was shown that 2H from [2H3 ]-acetate was 
present only in the 5 a position. This potential ability to distinguish between 
diastereotopic hydrogens 	is 	one 	of 	the most useful features of 2H NMR 
spectroscopy. The information obtained by this method, however, represents the 
18 
C, CO, CO 2 , CD 3 
- HIikih1 P. P.M. 
CD 	 CD2 	 C  
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Figure 4. Expected appearance of the PND 13C NMR spectra of carbons two 
bonds removed from zero, one, two or three deuterium atoms (beta-shifted). 
sample as a whole; hence, the conclusion that the 6-methyl group was labelled as 
CHD2 is not inescapable: the observations could also have been explained by an 
equal mixture of molecules labelled -CHD 2, -CH2D and -CD 3 . 
1.7.9 Indirect Methods 
A great advance in biosynthetic studies has been made by the use of 13C as 
a "reporter nucleus" in labelling studies. The presence of 2H alpha or beta to a 
atom can be deduced from the appearance in the PND 13C NMR spectrum of 
13C_ 2H coupling and/or an isotope-induced shift. 
Some general notes on the effect, are included here 37 . 
Substitution by a heavy isotope shortens the average length of the 
bond holding the isotope, and less so, the remaining bonds of the 
molecule. This almost always shifts the NMR signal of neighbouring 
nuclei to high field, although the magnitude of the shift is inversely 
dependent on the remoteness of the substitution. 
The shift is largest where the fractional change in mass is largest and 
is also roughly proportional to the number of atoms substituted. 
The magnitude of the shift decreases with an increase in "s" character 
of the bond holding the isotope and depends also on the resonant 
nucleus, correlating with the range of chemical shifts observed for 
that nucleus. 
1.7.9.a The Deuterium Alpha-Shift Technique' ° 
In this technique, the deuterium label is directly attached to the 13C nucleus 
in the precursor molecule. The PND 13C NMR spectrum of the enriched 
metabolite shows, for carbon atoms which have retained deuterium label, a series 
of resonances upfield of the normal singlet. The presence of each deuterium shifts 
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the centre of the carbon resonance by 0.3-0.6 ppm to low frequency and spin-spin 
coupling ('JcD) gives rise to a characteristic multiple pattern; hence CD appears 
as a triplet centred 0.3-0.6 ppm upfield of the normal singlet, CD 2 gives a quintet 
centred 0.6-1.2 ppm upfield and CD 3 gives a septet (Figure 3). Shifted signals 
arising from carbons which bear no protium suffer reduced signal-to-noise ratio 
caused by poor relaxation and lack of NOE enhancement, a disadvantage of the 
method which is compounded by the multiplicities due to coupling. Deuterium 
decoupling can assist in this by removing the 13C- 2H coupling. However, 
information not obtainable by direct 2H NMR spectroscopy, such as the 
distribution of label as CH2D, CHD2, and CD3 and the integrity of carbon-
hydrogen bonds during biosynthesis, may be gained. 
1.7..9.b The Deuterium Beta-shift Technique 10 ' 38 
Many of the problems associated with directly attached deuterium are 
avoided by placing the deuterium label two bonds away from the 13C reporter 
nucleus. The isotope shift, although reduced, is still observable, and as - 
hydrogens only contribute markedly to the relaxation of non-protonated 13C 
nuclei, the shifted signals otherwise retain any NOE effect also experienced by 
the unshifted signals on proton decoupling. As geminal carbon-proton coupling 
constants are generally small anyway, and carbon-deuteron couplings are over six 
times smaller again, the shifted signals are effectively singlets (Figure 4), even 
without deuterium decoupling, and this gives a further increase in the signal to 
noise ratio compared with the corresponding a- shift experiment. 
The method was first applied to biosynthesis - in a study of 6-methylsalicyclic 
39 	11 acid (24) [I - 	2H3] Acetate was fed to cultures of Penicilliurn griseofulvum. 
The PND 13C NMR spectrum of the methyl ester of the resulting 6-MSA showed 
shifted signals for C-2, C-4, and C-6 corresponding to the presence of deuterium 
label at positions 3,5, and 7 respectively. Thus the integrity of an acetate unit 
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(heavy lines) can be established in certain cases without recourse to a double 13C_ 
labelled experiment. 
Unlike the ct-shifts, the s-shifts show a marked dependence on both 
stereochemistry of the deuterium label and the functionality of the 13C reporter 
nucleus. Carbonyl resonances may show unresolvable or even downfield shifts. 
Howeverfl -shifts do appear to be additive 41 . 
1.7.9.c Detection of 180-isotope shifts in 13C-NMR 
Until recently, the biosynthetic origin or fate of oxygen was determined 
almost exclusively by mass spectroscopy, and locating the position of a label 
present perhaps in only low concentrations, was difficult. It was known that the 
heaviest oxygen isotope, 18  (natural abundance - 0.204%) was capable of 
introducing resolvable isotope shifts in the NMR spectra of certain other elements 
and this has been exploited in biological studies, e.g. the mechanisms and kinetics 
of enzymatic phosphoryl group transfer had been investigated via the 180  isotope 
31 shift in the 	NMR spectrum39 . 
Isotopic substitution with 180  induces an upfield shift in the NMR 
resonance position of a directly-attached 13C-atom. The magnitudes of these 
isotope shifts range from about 0.010 to 0.035 ppm for singly-bonded oxygens and 
form about 0.030 to 0.055 ppm for doubly-bonded oxygens. Their sizes have been 
tabulated and structural influences on this effect have been reviewed 24 . 
The first application in biosynthesis reported in 198040  showed that 
administration of doubly-labelled sodium [1- 3C, 1802] acetate to a mutant of 
Aspergillus parasiticus gave averufin (25) with intact incorporation of acetate-
derived carbon-oxygen bonds at all positions except at C-5 and C-b. The C-b 
was shown to originate from oxygen gas by fermentation in an atmosphere 
containing 1802. Although low incorporation rates generally demand that [ 180]... 
21 
labelled precursors must also be labelled at the adjacent site with 13C, this results 
in an advantageous bond "labelling" which provides considerable insight into 
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CHAPTER 2 
OXYGEN-18 LABELLING STUDIES ON ASPYRONE 
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2-( 1,2!-epoxypropyl)-5,6- dihydro-  5-hydroxy-6-methyl)pyran-2-one (1), for 
which the trivial name aspyrone has been proposed, is a weak broad spectrum 
antibiotic first isolated by Mills and Turner' in 1967 from fermentations of 
Aspergillus melleus. More recently it has been isolated from other Aspergillus 2 
species, and its structure and sterochemistry have been investigated by further 
chemical and spectroscopic With its unusual branched skeleton aspyrone 
is not obviously biosynthetically related to other simpler pyrone metabolites such 
as asperline (3)3,  which is shown in scheme (I). 
Aspergillus melleus produces a diverse range of metabolites along with 
aspyrone, including penicillic acid (4)l2c,  mellein  (5)4, hydroxymellein (6), 
asperlactone (2)6,  isoasperlactone (7)7,  and various naphthoquinone pigments such 
(7) art 
as xanthomegnin (8)8,  of these only (2)c4 4 bviously related to (1) since it has the 
same carbon skeleton and oxygenation pattern. 
2.2 Biogenetic Proposals for Aspyrone 
The biosynthesis of aspyrone has been studied independently by several 
research groups. The results of these separate studies are discussed below. 
Preliminary 14C-labelling studies9 had suggested a polyketide origin. 13C-
NMR chemical shift assignments of aspyrone were obtained from chemical shift 
correlation and from off-resonance decoupling for C-2, C-3, and C-4. From the 
known 'H-chemical shift assignment of aspyrone (1)11,  the carbon shifts of the 
four chemically similar oxygenated carbons at C-5, C-6, C-8 and C-9 were 
obtained by specific single frequency proton decoupling. The two methyl signals 
for C-7 and C-10 could not be distinguished from each other in an unlabelled 
sample of aspyrone. 
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Table 1 	13C-chemical shifts ( c, p.p.m. downfield from internal standard 
SiMe) in aspyrone, and 13C- 13C couplings in [1,2- 13C] acetate 
enriched aspyrone 
Carbon 	 Chemical Shifts 	13 C- 13C coplings (JHz) 
from t1,2- 1 C1 acetate 
2 163.0 (s) 6 
3 129.0 (s) 68 
4 141.2 (d) 68 
5 67.6 (d) 41 
6 79.6 (d) 41 
7 18.0 (q) - 
8 54.6 (d) 6 
9 59.1 (d) 44 
10 17.6 (q) 44 
* Multiplicities refer to off-resonance decoupled spectra, 
5: singlet, d: doublet, q: quartet 
Incorporation of [1- 13CJ-, [2- 13C]-, and [1,2- 13C2]-acetate into the pyrone 
by static cultures of Aspergillus melleus indicated' 0 its formation from three intact 
acetate units and three carbons derived from cleaved acetate units. The 13CNMR 
of aspyrone enriched from feedings of [1- 13C]- and [2- 13C]-acetate showed high 
enrichment of carbons 2, 4, 6 and 9 from [1- 13C]-acetate, and carbons 3, 5, 7, 8 
and 10 from [2- 13C]-acetate. 
An unusual mechanism was originally suggested to account for this labelling 
pattern' (Scheme 2). 
An alternative pathway' 2,  involving rearrangement of a pentaketide 
precursor followed by loss of terminal carboxyl as shown in scheme 3 would also 
account for the observed labelling pattern. In the course of this rearrangement, an 
intact acetate unit is cleaved and so the 1,2 coupling should be lost, as was 
observed in 13C NMR spectrum of [1,2- 13C2]-acetate enriched pyrone (Table 1). 
However, the respective carbons are now in a 1,3 relationship and so, if this is the 
correct pathway; there should be a two-bond 13 C 1 3C coupling between C-2 and 
C-8. Two bond 13C- 13C couplings are small, typically 0-10 Hz 13 , and can be 
difficult to resolve' 4  but should provide a method for differentiating between the 
two possible biosynthetic pathways. A closer examination of the [1,2- 13C2]-
acetate enriched spectrum revealed a significant broadening of the C-2 and C-8 
resonances, relative both to the other carbon resonances into the spectrum and to 
the C-2 and C-8 resonances in unenriched spectra. Thus the 13C NMR spectrum 
of the [1,2- 13C]-.acetate enriched pyrone was redetermined using 500 Hz total 
sleep widths. A 13C- 13C coupling of 6.2 Hz between C-2 and C-8 was apparent, 
so providing conclusive evidence for the biosynthetic pathway shown in scheme 3. 
Similar results have been reported by Japanese workers 15 . 
In a series of independent studies, Staunton and co-workers' 6 , used a 
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biosynthesis of aspyrone and its co-metabolite asperlactone. Three substantially 
different hypotheses were investigated for the biogenesis of aspyrone as shown in 
scheme 4, other schemes based on the combination of two different polyketide 
chains are also possible. Firstly, pathway (a) outlines the possibility of aspyrone 
formation from its co-metabolites mellein or another biosynthetically related 
compound. In this case it is noteworthy to remember that another co-metabolite, 
penicillic acid (4), is known to be biosynthesized via the tetraketide orsellinic acid 
by 4,5-ring scission of an aromatic precursor 17 , as shown in Scheme 5. Pathway 
(b) in scheme 4 proposes an acylphloroglucinol, a standard type of aromatic 
pentaketides as an intermediate 18 . Finally, pathway (c) in scheme 4 shows an 
unconventional way by which aspyrone would be biosynthesized by cleavage, 
rearrangement and modification of an uncyclized non-aromatic pentaketide. 
Biosynthetic studies using 	[1- 14 C]-and[2- 14C]-acetate 	confirmed 	the 
labelling 	pattern obtained from experiments 	using 	13C-labelled 	precursors. 
Accordingly there are four carbons in aspyrone uniformly labelled by [1- 14C]- 
acetate: C-2, C-4, C-6 and C-9, and five uniformly labelled by [2 4C]-acetate: 
C-3, C-S, C-7, C-8 and C-lO. 
These radiolabeling studies showed a very high degree of uniformity in the 
distribution of the isotope in the aspyrone molecule which indicates a single 
polyketide chain pathway rather than one which involves a combination of two 
separate chains. This result was confirmed by administering [2- 14C]-malonate to 
Aspergillus melleus. Degradation of the labelled samples indicated that aspyrone 
was labelled evenly over four sites, C-3, C-5, C-7, and C-8, but the degree of 
incorporation at the fifth site C-10 was significantly lower, which confirms that 
only one chain is involved in the biosynthesis of aspyrone and identifies C-9 and 
C-lO as the chain starter unit. It had been reported ° that [2- 13C]-malonate 
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may be due to overloading of the metabolism of the organism by the large doses of 
the precursor which is normally used in a 13C-labelling experiment. 
It seems at this stage that all three pathways in Scheme 4 are possible for the 
biosynthesis of aspyrone, since all of them are consistent with all the available 
results. 
In order to provide more evidence, further experiments using tritium-
labelled precursors were carried out. [2- 3H3 ]-acetate was fed to the organism and 
the result was that substantial retention of tritium was observed. All the carbons 
derived from C-2 of acetate retain some tritium, except C-3, which does not carry 
a hydrogen. The most important feature of these results is all the four carbon 
atoms, C-7, C-5, C-8 and C-10 retain some tritium at different levels. There is 
one important conclusion to emerge from tritium experiments: tritium is retained 
significantly at C-7 of aspyrone which is inconsistent with the proposal of an aryl 
intermediate as in pathway (a) in scheme 4. An alternative way from the mellein 
skeleton is by the migration of the C 3 side chain in the opposite direction. This 
would account for the retention of tritium at C-7 but would lead to the wrong 
pattern of incorporation of intact C 2 units from acetate. 
In an attempt to test the validity of pathway (b) in Scheme 4, feeding 
experiments were carried out with possible advanced precursors. In selecting 
candidates, it was necessary to take the results of experiments with [1,2C 2]-
acetate into consideration, those results eliminate symmetrical compounds such as 
(9) from consideration, though the analogous chromone (II) is allowed as an earlier 
step of the biosynthesis if the formation of heterocyclic ring were to take place 
prior to release of the aromatic, system from the polyketide synthetase. 
Four candidates (10), (11), (12), (13) were synthesised to test this hypothesis, 
and all four labelled compounds were administered to growing cultures of 
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- 	Aspergillus melleus. In each experiment little radioactivity (<0.01%) was recovered 
in aspyrone. These negative incorporation results do not, of course, eliminate 
pathway (b) from contention, although they do favour the alternative pathway (c), 
in which no aromatic intermediates are involved. 
The biosynthesis of asperlactone (2) from [I,2- 13C]-, and [2- 13C,2- 2H3]-
and [2113]-acetate has been investigated' 9 . The pattern of incorporation of intact 
acetate units was checked with [1,2 3C2]-acetate. The presence in the 13C NMR 
spectrum of a two-bond coupling (J 7.5 Hz) between C-2 and C-8 indicated that 
these two carbons were originally joined in a C 2 unit derived from acetate, 
become separated by a rearrangement, and so finish in a 1,3 relationship. The 
carbon skeleton is therefore built up in identical fashion to that of its co-
metabolite aspyrone (1). The retention of two-acetate-derived hydrogens from [2-
l3 2-2H3]-acetate at C-7 (scheme 6) ruled out the intermediacy of structures in 
which this carbon forms part of an aromatic ring. Results also confirmed that C-
10 can retain three deuterium atoms and so is a chain starter methyl group. 
On the basis of these results Staunton proposed the pathway shown in 
scheme 3 to account for the formation of aspyrone and asperlactone. The key 
feature 	of this being 	the 	formation 	of both 	metabolites 	via the common 
intermediate (14). Alternative modes 	of opening the epoxide by carboxylate 
would give rise to the 6-membered ring of aspyrone (pathway a) or the 	5- 
membered ring of asperlactone (pathway b). 
2.3 	Preliminary Investigations 
The object of these experiments was to obtain more mechanistic information 
on the biosynthetic pathway to aspyrone. To do 50 1802 and [1- 13C, 1802]-acetate 
were incorporated separately into aspyrone, to study the origin and fate of oxygen 
during the course of biosynthesis. [2- 13C, 2 H3]-acetate was incorporated to study 
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Figure 1. Aspyrone production in Aspergillus melleus. 
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Table 2 	Specific activities and dilutions per labelled site for aspyrone after 
incorporation of [I- 
14C]-acetate 
Time 	 Aspyrone 	 Specific 	
Dilution per 
fed (days) (mg 1) activity 
labelled site 
(d.p.m. mmoi 1 ) 
2 3 3.357 x 10 
54 
4 7 1.091 x 10 
167 
7 24 1.36 x 10
6 13 
8 26 1.92 x 10
6 15 
9 20 4.67 x 10
5  39 
followed by analysis of 180  and 2H-induced shifts in 13C-NMR as discussed in 
chapter 1. 
In preliminary investigations of A. melleus grown as surface culture on 
liquid medium, a reasonable yield of aspyrone (50 mgF 1 ) was obtained. 
A growth production curve was obtained by plotting the yield of aspyrone 
(in milligrams) versus time (in days). Results from the growth production curve 
(Figure 1) indicate the culture starts producing aspyrone two days after the 
inoculation of the nutrient medium, and the maximum production is reached after 
about two weeks. 
It is important to have an idea about the degree of dilution of labelled 
acetate by endogenous acetate before feeding the culture with expensive 13C and 
180-labelled precursors. To do so, a series of experiments were carried out, in 
which 14C-labelled acetate was administered to the growing culture of A. melleus 
at different times and the isolated aspyrone was purified to a constant activity. 
The results are shown in Table 2. 
The dilution experiments established that the fungus incorporated precursors 
at levels suitable for 13C enrichment studies. The lowest dilution was found to be 
on day 7 (Table 2), so day 7 was considered to be the optimum time for feeding 
the labelled precursors to the growing culture. 
Due to the expense of ' 802 -gas, a preliminary experiment with 1602 to 
measure the oxygen uptake was also performed, and on the basis of these results 
(Figure 2) it was decided to start feeding 1802-gas four days after inoculation. 
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Figure 4. 180-Isotope shifts in the 100 Mz 13C nmr spectrum of 18 02.. 
enriched Aspyrone 
Table 3 	180 isotopically shifted resonances observed in the 100.6 MHz 
13C-NMR spectrum of aspyrone (1) enriched from 1802 gas 
Carbon 	 6 	 100 x&S /p.p.m. 	
160:  180 
2 	 163.2 0.9,3.7 61:20:19 
5 	 67.7 1.6 63:37 
6 	 79.3 3.1 78:22 
8 	 54.6 3.1 62:38 
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Figure 5. 55.28 MHz 2H NMR spectrum of aspyrone enriched from [2- 13C, 
2H31-acetate. 
2.4 	Results 
2.4.1 1802 -Enrichment Studies 
The 100 MHz p.n.d. carbon-13 spectrum of aspyrone produced from 
fermentation with [1- 13C, 1802] acetate was obtained (Figure 3). The results 
indicated high level of 13C-enrichment (Ca. 5 atoms %) at C-2, C-4, C-6 and C-9 
but surprisingly no 1802  isotope shifts were observed indicating that no acetate-
derived oxygen was incorporated into the metabolite. 
However on carrying out a fermentation in the presence of 1802 gas, the 
13C-NMR spectrum shown in Figure 4 was obtained for aspyrone. The isotope 
shifts observed (Table 3) for C-5, C-8, and C-9 indicated that the epoxide and 
alcohol oxygens were both highly and equally enriched. In addition C-2 shows 
two isotopically shifted signals and C-6 shows one. Within experimental error, the 
intensities of these signals are essentially equal to one another but are half those 
observed at C-S. C-8 and C-9. The most reasonable interpretation of these results 
is that one oxygen-18 atom has been introduced from the atmosphere onto C-2 
and that this labelled atom has been incorporated equally into both the carbonyl 
and ether oxygens of the lactone moiety. Thus three of the oxygen atoms in 
aspyrone appear to be derived from the atmosphere with the remaining one from 
the medium. 
2.4.2 2H-Enrichment Studies 
[2- 13C, 2-2H3]-Acetate was incorporated into aspyrone. 	Preliminary 
examinations of the enriched metabolite by 2H-NMR showed that satisfactory 
incorporation of the labelled acetate had occurred (Figure 5). Signals were 
observed corresponding to incorporation of 2H label at C-5, C-8, C-7 and C-b, 
each of which appears as a doublet due to 13C-2H coupling. The C-10 methyl 
signal appears to be more intense than that due to the C-7 methyl. C-8 shows a 
very weak signal perhaps due to loss of label by exchange with the medium. 
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Figure 6. 100.6 MHz PND 13C NMR spectrum of aspyrone enriched from 
[2- 13C, 2H31-acetate. 
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Figure 7. Expansions of 100.6 MHz 13C NMR spectrum of [2- 13C, 2H3}- 
acetate enriched aspyrone (a) with proton and (b) with simultaneous proton and 









Table 4 	Isotopically shifted resonances in the 13CNMR spectrum of 
aspyrone (1) resulting from incorporation of sodium-[2- 13C, 2- 
2H3] acetate 
Assignment 	Shift 	 A 6 	 Relative areas 
(ppm x 100) 
C-5 	 68.0 	 46.8 	 67:33 
C-8 	 54.6 	 - 	 - 
C-7 	 18.0 	 26.2, 26.2 	 26:37:37 
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In the 100.6 MHz p.n.d. 13C-NMR spectrum of aspyrone derived from [2-
13c, 2-2H3] acetate (Figure 6), the signals for C-3, C-5, and C-8 show 
remarkable enrichment over the natural abundance. The signals for C-7 and C-
10 although enriched, are less intense than expected, and this is clear evidence of 
some deuterium at these two positions. 
On expansion the 100.6 MHz p.n.d., 13C-NMR spectrum of aspyrone 
enriched by [2C, 2- 2H3] acetate looks complicated, apart from C-5 which 
appears as a triplet (Figure 7a). In order to simplify the spectrum, simultaneous 
IH and 2H decoupling experiments have been carried out. In the simultaneously 
decoupled spectrum (Figure 7b), seven strong signals are clearly shown in the 
methyl region, which can be assigned as follows, 18.0 p.p.m. (7- 13CH3 ), 18.26 
(7- 13CH2D), 18.52 (7- 13CHD2), 17.6 (10- 13CH3 ), 17.87' (l0-' 3CDH2 ), 18.4 (10-
13CD2H) and 18.41 (10- 13CD3 ). 
The signal for C-5 consists of two singlets at 68.0 and 67.46 p.p.m. 
corresponding to two species containing hydrogen and deuterium respectively. The 
results from the decoupled ' 3C spectra of aspyine enriched by [2- 13C, 2H3 ]-
acetate are summarised in Table 4. 
The retention of two acetate-derived hydrogens from [2- 13C, 2-2H3]-
acetate at C-7 (cheme 7)ruled out the intermediacy of structures in which this 
carbon forms part of an aromatic ring. The retention of three acetate-derived 
hydrogens from [2- 13C, 2-2113]-acetate at C-10 confirms it is a chain starter 
methyl group. 
2.5 Discussion 
To account for these results, the pathway shown in scheme (8) is proposed. 
The 	trjenone (15) 	is 	converted 	to 	the 	epoxide shown which can undergo 
rearrangement to generate the aldehyde (16), which could be converted into the 
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key epoxycarboxylic acid intermediate (17) via further epoxidation and NAD 
mediated oxidation of the aldehyde as indicated. Ring closure to either end of the 
epoxide moiety would then generate aspyrone or asperlactone with the observed 
positions and levels of oxygen-18 labelling as indicated. The steps proposed in 
this pathway bear comparison with the postulated biosynthesis of monensin (18) 20 
(Scheme 9) and other polyether antibiotics 2 ' where ring closures onto epoxide 
intermediates has been proposed for the formation of 5- and 6-membered oxygen-
containing rings. A further possibility which cannot rigorously be excluded at this 
stage is that the carboxylate oxygen atom derived from the atmosphere could have 
been introduced in a final hydroxylation step on an aldehyde intermediate in 
which the aldehyde oxygen is derived entirely (e.g. by exchange from the 
medium). 
The trienone itself may be formed as shown in scheme 10 where the 
necessary reduction and deoxygenation reactions occur concomitant with chain 
elongation, although no direct evidence is available for this. However studies on 
colletodiol (19)22 and monocerin (20)23 biosynthesis suggested that these 
modifications occur during chain assembly rather than after. 
In parallel oxygen-18 labelling experiments 24 	on asperlactone, similar 
results were obtained and this gives more support to the biosynthetic pathway 
(scheme 8) which was suggested earlier. 
A further related antitumor antibiotic metabolite avellaneol (21) was isolated 
from Hypocrea avellanae25 . ' 3C Labelling studies 26 suggested it is derived from 
a pentaketide precursor via a mechanism similar to the biosynthesis of aspyrone 
and asperlactone in A. melleus as shown in scheme 11 
34 
2.6 Experimental 
General procedures and instrumentation 
Solutions were dried over anhydrous magnesium sulphate. Ozonolysis was 
performed using the ozonolyzer ARGENTOX-ozonverfahren stechink (Hamburg). 
Melting points were determined on Reichert hot stage microscope and are 
uncorrected. Infrared spectra were obtained using Perking-Elmer 781 
spectrophotometer and referenced against the standard polystyrene absorption at 
1601 cm. Microanalysis was obtained on Perkin-Elmer 204 elemental analyser. 
Proton magnetic resonance spectra were obtained on varian EM360, Bruker 
WP80SY, WP200SY, and WH360- Fourier transform machines. Deuterium 
magnetic resonance spectra were obtained on a Bruker WH360. Carbon-13 
spectra were obtained on Bruker WP200SY, WH360 and WH400 Fourier transform 
machines. All chemical shift data were referenced against tetramethylsilane, 6 H 
and ô C = 0.0 p.p.m. Analytical thin layer chromatography T.L.C. were prepared 
using either (5 cm x 20 cm) or (20 cm x 20 cm) glass plates coated with 0.5 mm 
layer of silica gel (Fluka 60765 Kiesel gel GF254). Wet flash columns were 
prepared using flash column silica Art9385 Kiesel gel 60 (230-400 mesh ASTM). 
Chromatograms were detected under ultraviolet lamp of wavelength 254 nm. 
Radio counting was measured on Beckmann LS7000 liquid scintillation counter 
using programme 4. Counting efficiency was determined by using standard 
channels ratio and H-number quench curves without automatic quenching 
correction. The scintillant used was butyl-PBD (10 g 1 -1 ) in methanol: toluene 
(50:50). Solutions for feeding experiments have been sterilised by autoclaving at 
15 p.s.i. for 15 minutes. Whenever necessary, solvents were dried by standard 
procedures. 
Production and isolation of Aspyrone 
Aspergillus melleus (CMI 49108) was stored in the dark on malt extract agar 
slopes at 4°C. When required the culture was transferred to and grown at 25°C in 
35 
static culture in 500 ml connical flasks each containing 100 ml of an aqueous 
medium made up from potassium dihydrogen phosphate (0.1%); magnesium 
sulphate heptahydrate (0.05%); potassium chloride (0.05%); urea (0.08%); glucose 
(7.5%), the solution being adjusted to pH 5 before autoclaving. The fermentation 
was harvested after 16 days growth and the culture filtrate was extracted with 
ethyl acetate (2 x 500 ml). 	After drying (MgSO4) and removal of the solvent in 
vacuo, the crude extract (180 mg) was applied to preparative t.l.c. 	plates, 	and 
eluted with ether-light petroleum ether (60:40, v/v). The band corresponding to 
an authentic sample was isolated as white crystals (38 mg 1 -1 ) . 
IH N.M.R. (CDC13); 6.6 (IH, dd, J, 2.5 Hz), 4.3 (1H, m, J 7, 8.5 Hz), 4.1 
OH, m, J 2.5, 8.5 Hz), 3.7 (1H, br), 3.5 (1H, dd, J 1, 2 Hz), 2.8 (111, dq, J 2, 5 
Hz), 1.43 (3H, d, J 7 Hz) and 1.36 (3H, d, J 5 Hz) p.p.m. 
Growth production study of aspyrone 
Aspergillus melleus was grown as previously described in 40 flasks. One 
each of days 2, 4, 6, 8, 10, 12, 14 and 16 after inoculation, four of the flasks were 
removed from the culture room and worked up in the usual way. Results are 
shown below 
	
Time 	(days) 	Yield of Aspyrone (mg 1 1 ) 
2 	 0 
4 	 2 
6 	 4 
8 	 16 
10 	 28 
12 	 32 
14 	 40 
16 	 38 
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Incorporation of sodium I1 -14C1-acetate into aspyrone 
Aspergillus melleus was grown as previously described in five flasks. A 
sterile solution of sodium [1- 14C]-acetate (500 mg, 6.097 mmol, 10 .1  Ci, 2.22 x 
io dpm) was distributed equally between 5 flasks, 7 days after inoculation. After 
14 days growth, aspyrone was isolated from the culture liquors. The sample was 
purified to constant activity by preparative t.l.c., to afford aspyrone (24 mg, 1.7 x 
io cpm mmoF', dilution 13.37). In the same way sodium [1- 14  C)acetate was 
added, 4, 8, 9, 10 and dilutions are shown in Table 3. 
Incorporation of sodium I1- 13C, 18021-acetate into aspyrone 
Aspergillus melleus was grown as previously described in 5 flasks. Four 
days after inoculation a sterile solution of sodium [1- 13C, 1802]-acetate (500 mg, 
6.09 mmol, 90 atom % 13C, 81 atom % 1802 , 18 atom %1602 ] in distilled water 
(10 ml) was equally distributed. After 14 days of growth, aspyrone (16 mg) was 
isolated from the liquors. 
Trial Incorporation of 1602 into aspyrone 
Aspergillus melleus (CMI 49108) was grown as previously described in 10 
flasks. After 5 days, 5 flasks were retained as controls. The other five were 
attached to the "constant pressure apparatus" (Figure 9) for measuring the uptake 
of oxygen and grown under an atmosphere composed of 14N2: 1602 (80: 20) at the 
time of observation. 14 days after inoculation aspyrone was isolated. 
Incorporation of 1802 into aspyrone 
Aspergillus melleus (CMI 49108) was grown as previously described in 5 
sks. After 5 days the flasks were attached to the constant pressure apparatus 
I grown under an atmosphere composed of 14N2 , 1802 1602 , (80:10:10) any 
gen deficit was replaced by further 1802 at the time of observation. 14 days 
er inoculation, the ' 802 -enriched aspyrone was isolated. 
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Figure 8. Oxygen-Handling apparatus. 
Incorporation of sodium 12- 13C, 2 113 1 acetate into aspyrone 
Aspergillus melleus (CMI 49108) was grown as previously described in 5 
flasks. Five days after inoculation a sterile solution of sodium [2- 13C, 2-2H3]-
acetate (500 mg, 6.09 mmole, 90 atom % 13C, 98 atom %2H) in distilled water (10 
ml) was equally distributed. After 14 days of growth, aspyrone (13 mg) was 
isolated from the liquor. 
The "constant pressure" apparatus for growth of fungal cultures in an 1802 _ 
enriched atmosphere 
the basic apparatus is shown opposite. It consists of an aquarium air-pump 
(Rena 101) with an outlet attached to a glass manifold which is connected to stop-
cocked controlled inlets to manometer, vacuum pump and nitrogen and oxygen 
sources. The circulating air passes through a bacterial filter, the culture flasks, 
another bacterial filter and then through a series of three Dreschel- bottles. The 
first bottle is empty and connected back to front in case of the KOH solution 
being accidentally siphoned back. The second bottle contains SM aquous 
potassium hydroxide (150 ml) which absorbs the CO 2 gas produced by the culture, 
and the third bottle contains glasswool and acts as a safety trap to prevent any 
alkaline solution reaching the pump. the regulation of the flow rate of the gas 
through the system is maintained by a screw clip at the pump and the rate of flow 
was maintained at about (50 ml min). All connections must be well-sealed by 
vacuum grease. 
At the start of the experiment the system was flushed with nitrogen for 20 
minutes to remove all oxygen. the system was then closed and a proportion 
(usually 20%) of the nitrogen atmosphere, as indicated by the manometer, was 
removed by a vacuum pump and replaced either by 1602 or 1802 as appropriate. 
The uptake of oxygen gas could be measured by noting the change in the level of 
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water in the gas-burette which is connected to the apparatus by a one-way valve. 
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3.1 Biosynthesis of Tajixanthone and Shamixanthone 
Tajixanthone C2 5H2606 and shamixanthone C2 5H2605 are highly modified 
xanthones. They were isolated for the first time' from strains of Aspergillus 
variecolor; and structures (1), and (2) were proposed 2 for tajixanthone and 
shamixanthone respectively. However spectral and chemical degradation studies 
led to structural revision and in light of these studies structures (3), and (4) were 
proposed for tajixanthone and shamixanthone respectively. Aspergillus variecolor 
produces a number of structurally related metabolites, arugosins A (5)4,  B (6), 
and C (7)5  and this could be an indication that these compounds are biogenetically 
related. Three new other metabolites were isolated from Aspergillus variecolor4; 
variecoxanthones A, B and C with structures (8), (9) and (10) respectively. 
Hydroxylated benzophenones 6  are generally accepted as immediate 
precursors of most xanthones, but their biogenesis in higher plants usually differs 
from that in fungi and lichens 7 . In the former, benzophenones partly derived 
from shikimate appear to generate the central xanthone ring by oxidative coupling 
(Scheme 1, type A)7bc, whereas in fungi and lichens the substitution pattern of 
totally acetate-derived benzophenones presumably encourages ring closure by an 
addition-elimination process (types B and C)7b8, A "looped" folding (type B) of 
the fungal polyketide chain analogous to that observed with bikaverin (11) leads 
directly 	to precursors 	of griseoxanthones and 	the related spiro 	derivative 
griseofulvin (12)10. 	The "circular" 	folding (type 	C) which is 	proposed 	for 
ravenelin (13)11, and a number of other fungal metabolites requires oxidative 
cleavage of an intermediate anthrone or anthraquinone. 
Incorporation studies using [1- 13C]- and [2- 13C]-acetates 12  and the analysis 
of the resultant 13C NMR spectrum of the enriched tajixanthone (3) indicated the 
labelling pattern shown in Scheme 2. The labelling pattern suggested the 
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and xanthone carbonyl group. Whereas 	the transition state 	for cis 
stereochemistry does not have this unfavourable interaction. However, if 
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derivation of the xanthone nucleus from an octaketide and allowed the following 
proposals for the biosynthesis of tajixanthone: 
Assembly of the octaketide chain followed by cyclisation and aromatisation 
to the corresponding anthrone or anthraquinone. 
Oxidation of ring (A) followed by introduction of two C 5 units from 
mevalonate via dimethylallyl pyrophosphate. 
Oxidative ring scission; this oxidative fission is broadly analogous to the 
process implicated in thebiosynthesis of sulochrin (14)13, especially since a 
family of fungal pigments, the secalonic acids (e.g. secalonic acid A (15) still 
retain the carboxylate functionality. 	Similarly the fungal metabolite 
aflatoxin 	B 1 (16) is derived from the 'èo, - occcurring xanthone, 
sterigmatocystin (17) which in turn is believed to be produced by oxidative 
fission of the anthraquinone versicolorin A (18) 14 . 
Dihydropyran ring 	formation 	which proceeds via an "ene reaction". 
Isolation of varicoxanthones A, B and C from A. variecolor suggests that 
xanthone ring formation precedes dihydropyran ring formation. However, 
oxidation 	of variecoxanthone 	A (8) by Jones reagent gave the 
corresponding aldehyde which on mild acidic treatment yields (20) (Scheme 
3) in which the hydroxy group in the dihydropyran ring and the isoprenyl 
substituent are cis related. In tajixanthone the two substituents are trans 
related. These observations led to the belief that the dihydropyran ring 
formation may therefore precede xanthone formation. In the transition 
state required for trans stereochemistry in a concerted "ene reaction" 
(Scheme 3) there is a highly unfavourable interaction between the aldehyde 
dihydropyran 	ring 	formation precedes xanthone formation then the 
carbonyl group of the precursor benzophenone can rotate away from the 
aldehyde and so permit the transition state necessary for the trans 
stereochemistry. 
(5) 	Xanthone ring closure; in principle the ring closure can proceed in two 
ways; (a) either an acetate derived oxygen adds in Michael fashion to 
eliminate an oxygen derived from the atmosphere (or medium) as water or 
vice versa. (b) oxidative coupling of two phenolic rings (Scheme 4). 
Incorporation of [1,2- 13C]- and [ 211 3]-acetates into tajixanthone 15 allowed 
the following conclusions to be drawn from the observed 13C- 13C labelling 
pattern: 
The acetate assembly pattern in the xanthone system is entirely 
consistent with an octaketide precursor folded as shown in scheme 2. 
The randomisation of labelling in ring C means that ring C must have 
been symmetrical and free to rotate on the enzyme surface at some 
stage in the biosynthesis of tajixanthone. This means that ring cleavage 
of the carbocyclic precursor must precede the, introduction of the C-
prenyl residue. 
C-prenylation and epoxidation, in agreement with previous studies on 
echinulin (21)16 and flavoglaucin (22)17, occurs with retention of 
configuration about the double bond of DMAPP. 
The stereochemistry of labelling in the dihydropyran ring is consistent 
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The 2H NMR spectrum 	of [2H3 ]-acetate enriched tajixanthone 
indicated the labelling pattern shown in scheme 2 and permits the 
following conclusions: 
There is no 2H label on C-25; this implies cleavage of an anthraquinone 
rather than an anthrone intermediate. 
The absence of 2H on C-5 indicates that decarboxylation of the 
octaketide precursor occurs after cyclisation and aromatisation. 
The origin of oxygen atoms of tajixanthone and shamixanthone has been 
investigated 8 by incorporation of 1802 gas and [1- 13C) 802]-acetate and 
analysis of 180-induced isotope shifts in the 13C-NMR spectrum (section 1.7.9.c). 
The incorporation of [1- 13C, 1802]-acetate was too low to detect isotope 
shifts at any carbons except C-13, the C-.0 bond of which was thereby shown to 
be acetate-derived. The spectrum of tajixanthone enriched from 1802 displayed 
shifted resonances for eight of the nine oxygen-bearing carbons. Only the 
carbonyl oxygen at C-13 remained completely unlabelled. The relative amount of 
18 0 incorporated at C-i and at C-lO was half of that at other labelled sites; this 
shows in a particular molecule of tajixanthone either the oxygen at C-i or the 
one at C-lO was labelled, but not both. This confirms the intermediacy and 
oxidative origin of a conformationally labile benzophenone which has an axis of 
symmetry in a dihydroxy-phenyl ring. More importantly, the results showed that 
xanthone ring closure must proceed almost exclusively by a Michael addition-
elimination8a process in which the ring C oxygen attacks ring A at C- li (scheme 
4). The presence of 180  at C-25 confirmed the proposal of oxidation of 
anthraquinone rather than anthrone which was suggested earlier. 
Mass spectral analysis of the molecular ion region of tajixanthone obtained 
from a fermentation utilising a mixture of 1602 and 1802 shows that each 
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aerobically-derived oxygen atom is introduced separately by monooxygenation, in 
this case ring cleavage presumably occurs via a biological Baeyer-Villiger type 
oxidation to give an intermediate lactone which can undergo direct reduction to 
the hemiacetal (cf. arugosin A/B) and thence to the benzophenone. 
3.2 Synthesis of labelled chrysophanol 
Previous studies 18  had indicated that tajixanthone (3) and related 
metabolites in Aspergillus variecolor were formed via oxidative ring cleavage of 
chrysophanol (23) as shown in Scheme 4. The isolation of trace amounts of 
islandicin (24) along with ravenelin (13)19 and the co-occurrence of chrysophanol 
with ravenelin 20  is consistent with the possibility of anthraquinone involvement 
in the biosynthesis of xanthones. In order to confirm the intermediacy of 
chrysophanol in the biosynthesis of tajixanthone, it was necessary to synthesise 
specifically labelled chrysophanol and establish its intact incorporation. 
Although considerable effort has been focused on synthetic approaches to 
anthraquinones, there are few routes suitable for the introduction of isotopic 
labelling to produce labelled anthraquinones for biosynthetic studies. However, a 
new synthetic approach to anthraquinones was developed by Jung 2 ' which 
involved cycloaddition of 6-methoxy-pyran-2-one (29) with substituted 
naphthoquinones. The 6-methoxy-pyran-2-one was synthesised as shown in 
Scheme 5. Acid-catalysed dimerisation of ethyl acetoacetate (25) provided 
isodehydroacetate (26) in fair yield. This was then hydrolysed and deacetylated to 
give -methyl-glutaconic acid (27). Dehydrative cyclisation with acetyl chloride 
or acetic anhydride provides the glutaconic anhydride (28). Since 6-hydroxy-2-
pyrone is formally a tautomer of this anhydride, trapping of (28) in the 
hydroxy-pyrone form is easily effected by reaction with etheral diazomethane to 
give the desired 6-methoxy-4-methyl-2-pyrone (29) in good yield. The pyrone 
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juglone (30a), naphthazarin 	(30b), and 	1,4-naphthoquinone (30c) to give 
chrysophanol (23), helminthosporin (31b), and pachybasin (31c) respectively 
(Scheme 6) after oxidation and deprotection. 
Although this approach provided a potential approach to anthraquinones, it 
is inconvenient to use this approach to synthesise labelled anthraquinones since: 
The glutaconic acid (27) was obtained as a mixture of cis and trans 
isomers and it is difficult to cyclodehydrate the trans isomer, so 
eventually the yield will be low. 
The route is not suitable for isotopic labelling since half of the label will 
be lost in the hydrolysis step if acetate is used as the source of isotopic 
label. 
This route can 	not be easily adapted to synthesise pyrones with 
substituents other than methyl. 
A recently reported synthesis of mevalonolactone 22 suggested a more 
flexible route to the desired 6-methoxy-pyran-2-one. In this synthesis (Scheme 7) 
ethyl acetate was reacted with two equivalents of allyl magnesium bromide to give 
the hydroxy-diene (32). Ozonolysis of the hydroxy-diene followed by oxidation 
of the ozonide gives the diacid (33) which reacts with acetic anhydride to give the 
hydroxy -anhydride (34). It seemed that dehydration of (34) would give - 
methyiglutaconic acid anhydride (28) which could then be converted to the 
pyrone (29). However attempts to dehydrate (34) were not successful. However, 
if cyclisation of the diacid (33) was carried out with acetyl chloride then the 
acetoxy anhydride (36) was obtained. On heating in xylene this eliminated acetic 
acid to give the unsaturated anhydride (28) in good yield. 
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To overcome problems associated with the volatility of ethyl acetate (b.p. 
77°C), n-butyl acetate (b.p. 127°C) can be used instead of ethyl acetate. n-Butyl 
acetate can be obtained readily from sodium acetate by reaction with tributyl 
phosphate 23  and distillation of the product carefully under reduced pressure. As 
sodium acetate is commercially available with different labels ( 13C, ' 4C, H and 
3H), this route provides therefore a very flexible method for the introduction of 
isotopic labels into anthraquinones. This route has been applied to the synthesis 
of [methyl- 21-1 3]- and [3- 14C]-chrysophanol from and [1- 14C]-acetate 
respectively. 
Besides chrysophanol, the other most common fungal anthraquinones are 
islandicin (24) and emodin (45). Chrysophanol may be converted in good yield to 
islandicin using the method of Cameron 24  (Scheme 8). It appeared that the pyrone 
(29) route should also be applicable to the synthesis of emodin by cycloaddition 
with 5,7-dihydroxy naphthoquinone (46) whose synthesis has been reported from 
naphthazarin (30b). However the pyrone (29) failed to react with (46). 
A route (Scheme 9) was developed to emodin synthesis starting from 2,6-
dichlorobenzophenone (39) and the highly functionalised butadiene (38). The 
butadiene can be obtained by the method described by Danishefsky 27 which 
includes two successive silylations of methyl acetoacetate. The adduct (40) can be 
easily aromatised losing HCI and MeOH to give (41) which gave (42) on 
treatment with acetic anhydride Reaction of (42) with (43) which can be prepared 
by silylation of the enolate of methyl 3-methyl-butenoate gave emodin acetate in 
fair yield. 
This route can be adapted to synthesise labelled emodin (scheme 10) by 
Diels-Alder reaction of the pyrone (29)28  with the adduct (42), which gives 
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3.3 Incorporation Studies on Tajixanthone and Shamixanthone 
and 2H-labelled crysophanol was synthesised as shown in Scheme 11 
using sodium [1- 14C]- and sodium [2- 2H3]-acetate respectively as starting 
materials. 
The investigation of biosynthesis with labelled precursor, several problems 
which determine the success of the feeding experiment have to be considered; 
permeability of the cell wall for the precursor. 
solubility of the labelled precursor. 
time of feeding the precursor. 
Exploratory feeding experiments 29 with xanthone producing fungi 
unexpectedly revealed that anthraquinones despite their low solubility, were taken 
up by intact cells and incorporated with specific rates of 0.3-1.5%. Such 
incorporation rates are sufficient for biosynthetic investigation. 
As a result of their low solubility in water, the labelled anthraquinones had 
to be applied to the fungal cultures together with solubility mediators or as a 
suspension, and this was done previously30 by injecting emodin (45) either in 
sterilised solution of 50-100 mg in a mixture of 2 g tween 20 (polyhydroxy 
ethylene sorbitol ester of long chain fatty acid) and 125 ml propylene glycol. In 
our experiments, chrysophanol was dissolved in dime thylsulphoxide and fed to 
static cultures of Aspergillus variecolor. 
14C-Labelled chrysophanol was fed and the method described by Hadfield 3 ' 
was applied to decolourise the isolated tajixanthone sample before measuring its 
specific radioactivity. The specific incorporation was (1.26%) and the dilution 
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Figure 1. 55.28 MHz 2H NMR spectra of tajixanthone (a) produced in a 
culture medium supplemented with 5% 2H20, (b) labelled from feeding 
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Figure 2. 55.28 MHz 2H NMR spectra of shamixanthone (a) produced in a 
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In order to establish that chrysophanol was being incorporated intact into 
tajixanthone it was necessary to show that the label from chrysophanol was 
incorporated specifically without randomisation. 2H-Labelling in connection with 
2HNMR analysis of isotopic labelling produces a consistent method for 
establishing specificity of incorporation of label (Section 1.7.8.c). 
Fermentation in 2H20-supplemented medium yielded universally 2H-
labelled tajixanthone and shamixanthone. The 2H NMR spectra of these are 
shown in Figures la and 2a respectively and provide reference spectra for the 
metabolites obtained from the chrysophanol feeding studies. 
Feeding studies with 2H-labelled chrysophanol and 2  H NMR analysis of the 
isolated tajixanthone showed only one signal at 2.31 p.p.m. (Figure lb) 
corresponding to the aromatic methyl position, to demonstrate the intact and 
specific incorporation of chrysophanol. Shamixanthone isolated from the same 
experiment showed a signal at 2.31 p.p.m. (Figure 2b) which can be explained in 
the same way as tajixanthone. In addition there is a small signal about one fifth 
of the main signal at 2.41 which may be due to another compound derived from 
the 2H-chrysophanol. The structure and biosynthesis of this compound need 
further investigation. 
These results provide conclusive evidence for the intermediacy of 
chrysophanol in tajixanthone biosynthesis and therefore establish that oxidative 
ring fission must occur in an anthraquinone rather than an anthrone intermediate. 
3.4 Synthesis of other Anhydrides and Pyrones 
The synthesis of pyrone (29) in good yield and its Diels-Alder reaction with 
different dienophiles stimulated us to propose another route (Scheme 12) to 
labelled phthalic (52), salicyclic (53) and resorcyclic acids (66, 67), which could be 
combined with furobenzofurans (57)-(60) (Scheme 13); which can be prepared by 
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Figure 3. Flush vacuum pyrolysis apparatus. 
literature routes 32  to give benzophenone, xanthone, and anthraquinone 
intermediates required for the studies of sterigmatocystin (17) and aflatoxin B 1 
(16) biosynthesis. The route involved the synthesis of the hydroxy-diene (47) (by 
mixing one equivalent of ethyl formate with two equivalents of allyl magnesium 
bromide in a Grignard reaction) which can readily be converted to the diacid (48) 
by ozonolysis followed by oxidation of the ozonide. The diacid (48) was converted 
to the hydroxy-anhydride (54) by treatment with N,N-dicyclohexylcarbodijmjde. 
Heating of the diacid (48) with excess of acetyl chloride gave the acetoxy 
anhydride (49) in essentially quantitative yield. The acetoxy anhydride failed to 
give the unsaturated anhydride (50) on heating with xylene. However flash 
vacuum pyrolysis gave the desired glutaconic acid anhydride (50). 
The flash vacuum pyrolysis technique involves heating the compound in the 
gas phase under high temperature for a short time under high vacuum conditions. 
This technique ensures that the material has only a very short contact time in the 
hot zone, estimated to be in the order of 1-10 milliseconds. This tends to result in 
intramolecular rather than intermolecular reaction taking place. The type of 
apparatus used in flash vacuum pyrolysis was the conventional horizontal flow 
reactor (Figure 3). The inlet consisted of a pyrex tube (30 cm long x 25 mm) 
closed at one end and a B-24 ground glass joint at the other. The inlet tube was 
attached via the ground glass joint to a silica tube (30 cm x 25 mm) which was 
surrounded by a furnace. The products were trapped in a "U"-tube which was 
surrounded by liquid nitrogen and was connected to the silica tube at the exit 
point of the furnace. The pressure was measured by a pressure gauge situated 
between the trap and the pump. The heat required for the inlet was supplied by 
either a metal or glass Buchi Kugelrohr. The substrate was sublimed into the 
furnace over a period of 40 minutes, and the products were trapped in the cold 
trap. 
51 
In general each new pyrolysis required a series of small scale (50 mg-100 
mg) experiments in order to find optimum conditions. The two parameters of 
particular importance were: 
(i) 	The inlet temperature and 
The furnace temperature. 
The correct inlet temperature was determined by carrying out a pyrolysis in 
which the inlet temperature was gradually increased in 10°C intervals from room 
temperature until a reasonable rate of sublimation was attained. Sometimes 
however it was impossible to avoid melting the substrate as in these cases inlet 
temperatures below the melting point of the substrate gave negligible rates of 
sublimation. For the sublimation of the acetoxy- anhydride (49) the optimum inlet 
temperature was 85°C. The correct furnace temperature had to be found such that 
the substrate was completely pyrolysed to give the desired products without the 
products themselves decomposing. The optimum furnace temperature for acetoxy-
anhydride (49) pyrolysis was in the range of 650-675°C. 
Another feature worthy of note is that on occasions a residue remained in 
the inlet at the end of pyrolysis. On these occasions the residue was weighed and 
this was taken into account when the yields of pyrolysis were calculated. 
The flash vacuum pyrolysis technique was also applied successfully for the 
methyl acetoxy- anhydride (36) on a one gram scale to give the corresponding 
unsaturated anhydride (28). In this case the optimum inlet and furnace 
temperatures were 80 and 550°C respectively. In small scale experiments the crude 
pyrolysate was dissolved in CDCI 3 (0.3 ml) and this solution was analysed directly 
by 'H NMR spectroscopy. 
Glutaconic acid anhydride (50) should be in equilibrium with its hydroxy 
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corresponding 6-methoxy-pyran-.2-one (51). However (50) failed to give (51) on 
reaction with diazomethane and this could be due to dipolar cycloaddition reaction 
of diazomethane with the double bond. 
Recently a new method 33  was developed for synthesis of 6-trimethyl 
silyioxy-pyran-2-one (Scheme 14) which involved reaction of the diacid (48) with 
trifluoroacetic anhydride to give the trifluoroacete anhydride (61) which on 
heating with chlorobenzene gave (50) in essentially quantitative yield. Reaction of 
(50) with bis-trimethylsilylsuiphate gave (62). 
Kozikowski has shown34 that the pyrones (69), and (65) prepared by 
treatment of the anhydride (64) with either two equivalents of acetic anhydride or 
diazomethane respectively, also react readily with a variety of dienophiles to 
provide a useful potential method for the synthesis of highly functionalised 
aromatic compounds (Scheme 15) for biosynthetic and other studies. It seemed 
that extension of the above route to the hydroxy- anhydride (54) could provide a 
useful method for the synthesis of labelled acetone- i ,3-dicarboxylic acid which is 
difficult to make in labelled form by conventional methods 35 . However, 
attempted oxidation of both the hydroxy diacid (48) and the hydroxy anhydride 
(54) to the corresponding oxódiacid (63) and the oxoanhydride (64) failed. 
However conversion of the diacid (48) to the dimethylester (55) and oxidation of 
the diester by Jones reagent gave dimethyl 1,3-acetone dicarboxylate (56) in good 
yield. the conversion of this diester to the dicarboxylic acid and subsequently the 
anhydride (64) requires further investigation. 
Further modification of this route offers a good approach to the synthesis 
of labelled orsellenic acids (e.g. 81) (Schemes 16 and 17); an intermediate in 
meroterpenoid (e.g. andibenin and austin) biosynthesis (as will be discussed in 
chapter 4). In this respect we have developed new routes to prepare labelled 2,4- 
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dimethyl glutaconic acid anhydride (73) and 2,3,4-trimethyl glutaconic acid 
anhydride (86). 
Thole36  reported a method by which alkyl derivatives of glutaconic acid, 
having a methyl group in the 0-position and any desired alkly group in either a-
or 1-position, or both of these, could be prepared. The method involved the 
condensation of sodium derivative of ethyl cyanoacetate with ethyl acetoacetate. 
By heating the sodium derivative with alkyl iodide, the corresponding alkyl 
derivatives were produced, and these when further treated with sodium ethoxide 
and an alkylated iodide, yielded the trialkylated esters. By this method s-methyl-
glutaconic acid and a, B, y  -trimethyl-glutaconic acid with their corresponding 
anhydrides have been prepared. 
To synthesise the hydroxy-diene (70) (Scheme 16);ethyl formate was mixed 
with two equivalents of magnesium-3-chloro-l-butene in a Grignard reaction. 
Ozonolysis of the hydroxy diene (70) followed by oxidation of the ozonide gave 
the diacid (71) which was converted to the acetoxy anhydride (72) by treatment 
with acetyl chloride. Several attempts have failed to convert the acetoxy 
anhydride to the corresponding glutaconic anhydride. However reflux of the 
diacid (71) with concentrated hydrochloric acid for two days gave 2,4-dimethyl 
glutaconic acid (77). 
Oxidation of the diacid (71) to (78) can offer very convenient approach to 
the synthesis of aromatic precursors (82) and (81) through Diels-Alder reaction of 
(80) with dimethyl acetylene dicarboxylate and methyl propiolate respectively. 
The hydroxy-diene (83) was prepared by reaction of ethylacetate with two 
equivalents of 3-chloro-1-butene in a Grignard reaction (Scheme 17). Ozonolysis 
of the hydroxy diene followed by oxidation of the ozonide gave the diacid (84) 
which was converted to the acetoxy anhydride (85) by treatment with acetyl 
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chloride. Heating of (85) with xylene causes elimination of acetic acid to give 
2,3,4-trimethyl glutaconic acid anhydride (86). Treatment of (86) with etheral 
diazomethane yields the methoxy-pyrone (87) which gives (88) when treated with 
dimethyl acetylene dicarboxylate. 
3.5 Experimental 
General procedures and instrumentations are given in section 2.6. 
4-Methyl-4-.hydroxy-hepta- 1,6-diene (32) 
A mixture of ethyl acetate (5.98 g; 0.068 mol) and allylbromide (24.56 g; 
0.203 mol) in a mixture of dry ether and T.H.F. (3/7; 100 ml) was added during 
40 minutes with vigorous stirring to dry magnesium turnings (6.49 g; 0.27 mol) in 
diethyl ether (100 ml). After being heated under reflux for 6 hours, water (ca 100 
ml) was added followed by 6M H2SO4  (100 ml) with ice cooling. The solution 
was extracted with diethyl ether (3 x 80 ml) and the extract washed with saturated 
sodium hydrogen carbonate solution (lOOmi) and dried over anhydrous MgSO 4 . 
Concentration under reduced pressure gave the hydroxy-diene (32) as an oil. The 
crude product distilled at 80-83°C (water pump pressure) to give the pure alcohol 
(32) (7.5 g, 89%). 
H (CDC1 3 ); 1.18 (3H, s, CH 3), 1.82 (IH, s, exchangeable, OH), 2.23 (4H, d, J 
7Hz, CH2), 5.04 - 5.14 (4H, m, = CH 2), 5.9 (2H, m, = CH). 
3-Hydroxy-3-methyl-pentan- 1,5-dioic acid (33) 
The hydroxy diene (32) dissolved in dichloromethane -acetic acid (10:1; 100 
ml) and cooled to -78°C. Ozone was then passed through the solution until a 
permanent blue colour persisted. The solution was then allowed to warm to room 
temperature and the solvent was removed under reduced pressure to give a 
colourless oil. The oil was dissolved in acetic acid - hydrogen peroxide (100%) (78 
ml; 48:30) and heated under reflux for 24 hours. On removal of the solvent the 
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diacid remained as an oil which slowly solidified to yield 9.5 g of (33) (98%), 
m.p. 108°C-110°C 
H (2H6-acetone); 1.38 (3H, s, CH 3 ), 2.68 (4H, s, CH2) and 8.54 (311, br s, 3 
OH). 
3-Acetoxy-3-methyl-peutan-1,5-dioic acid anhydride (36) 
3-Hydroxy-3-methyl-pentan-1,5-dioic acid (33) (1.62 g; 0.01 mol) was 
heated with acetyl chloride (3.14 g; 0.04 mol) at 60°C. Concentration under 
reduced pressure yielded 3-acetoxy- 3-methyl-pentan- 1 ,5-dioic acid anhydride 
which crystallised on standing in a dessicator (1.8 g; 100% yield). 
Recrystallisation from diethyl ether gave clear prisms, m.p (83-84°C). 
6H (CDC1 3 ); 1.68 (311, s, CH 3 ), 1.98 (3H, s, OCOCH 3 ) and 2.99, 3.20, 3.36 and 
3.56 (4H, AABB, CH2 ). 
4- Methyl-glutaconic anhydride (28) 
3-Acetoxy-3-methyl-pentan_I,5_diojc acid anhydride (36) (1.55 g; 9.55 
mmol) was refluxed with xylene (50 ml) for 24 hours. The mixture was cooled 
and the solvent was removed under reduced pressure to give 4-methyl glutaconic 
anhydride (28) (1.05 g;. 100% yield). Recrystallisation from diethyl ether gave 
needles m.p. 83-84°C. 
H (CDC1 3 ); 2.08 (3H, s, CH 3 ), 3.46 (2H, m) and 6.06 (1H,m). 
6-Methoxy-4-methyl-pyrane-2-one (29) 
3-Hydroxy-3- methyl- pent-2 -one - 1,5 -dioic  acid anhydride (0.5 g; 3.96 mmol) in 
ther (10 ml) was stirred at 0°C. Diazomethane solution in diethyl ether 
ed dropwise until the reaction ceased. The reaction mixture was left for 
tes then filtered. Removal of the solvent under reduced pressure yielded 
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6-methoxy-4-methyl-2-pyrone which crystallised on standing in a vacuum 
dessicator to give (466 mg; 84% yield) of (29), m.p. 50-52°C 
H (CDC1 3); 2.2 (3H, s, CH 3), 4.0 (3H, s, OCH3), 5.52 (1 H, m), 5.9 (1 H, m). 
8-Hydroxy-1-methoxy-3-methyl anthraquinone (89) 
A solution of 6-methoxy-4-methyl-pyrane-2-one (20 mg; 144 mmol) and 
juglone (50 mg; 0.288 mmol) in xylene (2 ml) was refluxed for 5 days, cooled and 
treated with silver oxide (125 mg) and anhydrous magnesium sulphate (200 mg) 
with stirring at room temperature for 12 hours. The mixture was filtered, 
evaporated in vacuo, and the residue chromatographed on silica gel using 
dichioromethane to develop the plates to give 24 mg (62%) of yellow solid, m.p. 
187-1890C. 
H (CDCI3 ); 2.48 (3H, s, CH 3 ), 4.0 (3H, s, OCH3 ), 7.1-7.3 (m, 2H, Ar H) 7.6-
7.8 (m, 3H Ar H). 
1,8 - Dihydroxy-3- methyl-anthraquinone (chrysophanol) (23) 
A solution of 8-hydroxy-1-methoxy-3-methyl anthraquinone (24 mg; 0.089 mmol) 
and 13 ml 48% HBr in 4 ml glacial acetic acid was refluxed for 5 hours. The 
cooled solution was diluted with water, extracted with methylene chloride, and the 
organic phase washed with water, dried over sodium sulphate, filtered and 
evaporated in vacuo to give 23 mg (100% yield) of (23) as a yellow orange solid, 
m.p. 206-208°C 
oH (CDCI 3 ); 2.4 (31-1, s, CH 3), 7.0-7.8 (5H, m Ar H), 11.85 (IH, br s, 
exchangeable), 12.0 (1H, br s, exchangeable OH). 
4-Hydroxy-hepta-1,6-diene (47) 
A mixture of ethyl formate (0.068 mol, 5.4 g) and ally! bromide (0.203 mol; 
24.56 g) in a mixture of dry ether and tetrahydrofuran (3:7;V:V) (100 ml) was 
added during 40 min with vigorous stirring to dry magnesium turnings (6.49 g; 
0.27 mol) in a mixture of dry ether and tetrahydrofuran (20 ml). After being 
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heated —under reflux for 6h, water (Ca 100 ml) was added followed by 6M H 2SO4 
(100 ml) with ice cooling. The solution was extracted with diethyl ether (3 x 80 
ml) and the extract was washed with saturated sodium hydrogen carbonate solution 
(100 ml) and dried over (MgSO 4). Concentration at reduced pressure yielded the 
hydroxy-diene (47). Which was distilled at 56°C (water pump pressure) to give 
(7.5 g, 92% yield) of (47). 
H (CDC1 3); 2.25 (4H, m, AABB, C11 2), 3.70 (1 H, Pent., J 7Hz CHOH), 5.12 
(4H, m, = CH2 ), 5.75 (211, m, = CH), 8.00 (1H, br s, exchangeable, OH). 
3-Hydroxy-pentan- 1,5-dioic acid (48) 
The alcohol diene (47) was dissolved in dichloromethane-acetjc acid (10:1; 
100 ml) and cooled to -78°C, ozone was then passed through the solution until a 
permanent blue colour persisted. The solution was then allowed to warm to room 
temperature and the solvent was removed under reduced pressure to yield a 
colourless oil, the oil was dissolved in acetic acid-hydrogen peroxide (100%) (78 
ml; 48:30) and heated under reflux for 24 hours. On removal of the solvent the 
diacid remained as an oil which was slowly solidified. Recrystallisation from ether 
gave (8.5 g, 86% yield of (48), m.p. 87-90°C. 
H (2H6 -acetone); 2.45 (4H, d, J 8Hz, C112), 4.4 (1H, Pent., J = 8Hz), 7.3 (3H, 
br s, exchangeable, 3 OH). Found: C, 40.54, H, 5.4%. C5H805 requires C, 40.52; 
H 5.47%. 
3- Acetoxy pentan- 1,5- dioic acid anhydride (49) 
3-Hydroxy 1,5-dioic acid 1.48 g (0.01 mol) was heated with 3.14 g (0.04 
mol) of acetyl chloride to 60°C for 2 hours. Concentration under reduced pressure 
yielded the 3-acetoxy-pentan-1,5-diojc acid anhydride which crystallised on 
standing in a vacuum desiccator to give 171 ml (100%) of (49). Recrystallisation 
from diethyl ether gave needles, m.p. 84°C. 
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H (CDC1 3 ); 2.15 (31-1, S, OCOCH 3 ), 3.12 (411, m, AABB, CH 2), 5.37 (1H, Pent., 
J 4Hz). 
Found: 	C, 48.83; H, 4.65%. C7H805 requires C, 48.59; H, 4.69%. 
Glutaconic acid anhydride (50) 
3-Acetoxy- pentan- 1,5-dioic acid anhydride (49) (80 mg) was placed in the 
inlet of flash vacuum pyrolysis apparatus (Figure 3). The inlet temperature was 
kept at 90°C and the furnace temperature was 650°C. After 40 mon the product 
was collected from the trap to give 23 mg (44%) of (50). Recrystallisation from 
diethyl ether gave needles. 
H (CDCI 3 ); 3.52 (41-1, dd, J 3.7Hz, J 2Hz, CH 2), 6.28 (IH, dt, J 10Hz, J 2Hz, 
CH = CH CO), 6.88 (11-1, dt, J 10Hz, J 3.7Hz, CH 2 CH). 
Found: 	C, 53.57; H, 3.57% C5H403 requires C, 53.45; H, 3.68%. 
Flash vacuum pyrolysis of 3-Acetoxy-3-methyl-pentan-1,5-djojc acid anhydride 
(36) 
3-Acetoxy-3-methyl-pentan-1,5 dioic-acid anhydride (36) (1.0 g) was 
placed in the inlet of flash vacuum pyrolysis apparatus. The inlet temperature was 
kept at 100°C and the furnace temperature was 500°C. After 40 min the product 
was collected from the trap, to give 582 mg (86%) of (28). Recrystallisation from 
diethyl ether gave needles, m.p. 82-84°C. 
H (CDC1 3 ); 2.08 (3H, s, CH 3), 3.46 (21-1, m, CH 2) and 6.06 (1H, m, = CH). 
Found: 	C, 57.14, H, 4.76%. C61-1603 requires C, 56.93; H, 4.88%. 
3-Hydroxy-pentan-1,5 dioic-anhydride (59) 
3-Hhydroxy-pentan-1,5-dioic acid (48)(100 mg)was dissolved in minimum 
amount of dry acetone and treated with N,N-dicyc1ohexy1carbodiimide (140 mg) 
dissolved in a minimum amount of acetone. The solution was stirred at 0°C for 3 
hours and the precipitated N,N-dicyclohexyl urea was filtered. Removal of the 
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solvent under reduced pressure yielded an oil (88 mg). Contained a small amount 
of N,N-dicyclohexyl urea by NMR. 
6H (2H6-acetone); 2.97 (4H, m, CH 2 ), 4.49 OH, Pent., J 3Hz CHOH), 4.85 (IH, 
br s exchangeable, OH). 
n-Butyl 12- 14CJacetate 
(5.0 g; 60.9 mmol) sodium [2- 14C]acetate having a specific activity of (9.1 x 
106  dpm/mmol) was mixed with (30 ml) n-butyl phosphate. The mixture was 
heated under reflux for two hours in an oil bath at 140-220°C. The viscous 
mixture was cooled to room temperature, the upper end of the reflux condenser 
was sealed through a liquid nitrogen cooled trap to a vacuum line, and the product 
ester was distilled into the cold trap by heating the pot for five hours to 80-140°C 
at 0.1 mm pressure while cold water was kept running in the vertical reflux 
condenser. n-Butyl [2- 14C]-acetate (6.8 g, 96% yield) was obtained. 
4-hydroxy-4-rnethyl- 14C1-hepta-1 ,6-diene (32a) 
A mixture of n-butyl acetate (6.8 g; 0.058 mol) and allyl bromide (24.56 g; 
0.203 mol) in a mixture of dry ether and tetrahydrofuran (3/7; v/v) (100 ml) was 
added during 40 minutes with vigorous stirring to dry magnesium turnings (6.49 g; 
0.27 mol) in diethyl ether (100 ml). After being heated under reflux for 6 hours, 
water (Ca. 100 ml) was added followed by 6 M H2SO4  (100 ml) with ice cooling. 
the solution was extracted with diethyl ether (3 x 80 ml) and the extract was 
washed with saturated sodium hydrogen carbonate solution (100 ml) and dried over 
magnesium sulphate. Concentration under reduced pressure yielded the hydroxy 
diene (32a). The crude product was distilled at 82-85°C (water pump pressure), to 
give 4-hydroxy-4-[ 14C-methyl]-hepta-1,6 diene (6.5 g, 89% yield) was obtained. 
H (CDCI 3), 1.18 (3H, s, CH 3 ), 1.82 (111, br s, OH), 2.20 (4H, d, J 7Hz, CH 2 ); 
5.04-5.1 (4H, m, = CH2 ), 5.90 (2H, m, = CH). 
3-Hydroxy-3-[methyl- 14C1-pentan-1 ,5-dioic acid (33a) 
(6.5 g; 51.5 mmol) 4-hydroxy-4-[melhyl- 14C]-hepta-1,6-cliene (32a) was 
dissolved in dichloromethane: acetic acid (10:1; 100 ml) and cooled to -78°C. 
Ozone was then passed through the solution until a permanent blue colour 
persisted. The solution was then allowed to warm to room temperature and the 
solvent was removed under reduced pressure to yield a colourless oil. The oil was 
dissolved in acetic acid-hydrogen peroxide (100%) (78 ml; 48:30) and heated under 
reflux for 24 hours. On removal of the solvent the diacid remained as an oil 
which slowly solidified to give the diacid (33a) (8.3 g). 
H (2H6-acetone); 1.4 (3H, s, CH 3 ), 2.7 (4H, s, CH2), 8.5 (3H; br s, CO2H). 
3-Acetoxy-3 - lmezhyl-' 4C1 pentan- 1,5- dioic acid anhydride (36a) 
3-Hydroxy-3-[meshyl- 14C]pentan-1,5-dioic acid (33a) (8.3 g; 51.2 mmol) 
was dissolved in acetyl chloride (16.5 g, 209 mmol) and the mixture was heated 
under reflux at 60°C for two hours. Removal of excess acetyl chloride under 
reduced pressure gave a pale solid which was freed from acetic acid in an 
evacuated dessicator containing potassium hydroxide to give the acetoxy anhydride 
(36a) (9.5 g, 100% yield). 
6H (CDC1 3); 1.68 (3H, s, CH 3), 1.98 (3H, s, CH 3CO), 3.28 (4H, AABB, 
multiplet, CH2 ). 
4-Imethyl- 14 C1-Glutaconic anhydride (28a) 
A solution of 3-acetoxy-3-[methyl- 14C] pentan-1,5 dioic acid anhydride 
(36a) (1.9 g; 5.37 mmol) in xylene (20 ml) was heated under reflux for 24 hours. 
The solvent was removed under reduced pressure to give (28a) (670 mg, 99% 
yield). 
H (CDC1 3 ); 2.08 (3H, s, CH 3 ), 3.46 (2H, CH2) and 6.06 (1H, s, = CH). 
6-Methoxy-4-j methyl- 14 C1 - pyran - 2 - one (29a) 
A freshly prepared cold etheral solution of diazomethane was added drop by 
drop to a cold solution of 4- [methy/ -14C] -glutaconic anhydride (28a) (200 mg; 158 
mmol) in dry ether (5 mol). The mixture was stirred at 0°C for one hour. The 
pale yellow solution was then filtered and solvent was evaporated under reduced 
pressure to give viscous oil of, 6-methoxy-4-[ 14C-methyl]_pyran_2-one (29a) (198 
mg; 88.2% yield). 
H (CDC1 3 ); 2.16 (3H, s, CH 3 ), 3.87 (311, s, OCH3 ), 5.30 (1 H, s, = CH), 5.71 
(I H, s, = CH). 
8-Hydroxy-1-methoxy_3_Imethy/_ 14CJ anthraquinone (89a). 
A solution of 6_methoxy_4_(rnethylJ4C)_pyran_2_one (29a) (100 mg; 0.72 
mmol) and juglone (250 mg; 1.44 mmol) in xylene (10 ml) was refluxed for five 
days, cooled and treated with silver oxide (625 mg) and anhydrous magnesium 
sulphate with continuous stirring at room temperature for 12 hours. The mixture 
was filtered, and the solvent evaporated in vacuo, and the residue chromatographed 
on preparative thick layer silica gel using methylene chloride to develop the plates. 
The band (Rf 0.43) was separated and eluted with chloroform to give 8 - 
hydroxy -1- methoxy -3- [ 14C-methyl]-anthraquinone as yellow crystals (120 mg; 
62% yield). 
6 11 (CDCI 3 ); 2.48 (311, s, CH3 ), 4.00 (311, s, OCH 3) 7.1-7.3 (3H, m, ArH), 7.6-
7.8 (3H, m, ArH). 
1 ,8-Dihydroxy-3-Imethyl- 14CJ-anthraquinone (chrysophanol) (23a) 
A solution of 8-hydroxy-l-methoxy 3-(methyl- 14C) anthraquinone (87a) 
(120 mg; 0.445 mmol) and (7.5 ml) 48% hydrobromic acid in glacial acetic acid (20 
ml) was refluxed for five hours. The cooled solution was diluted with water, 
extracted with methylene chloride, and the organic phase washed with water, dried 
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over sodium sulphate, filtered and evaporated in vacuo to give (23a) (115 mg; 
100% specific activity = 9.1 x 10 16  dpm/mmol). 
6H (CDC1 3); 2.4 (3H, s, CH 3), 7.0-7.8 (m, 5H, ArH), 11.85 (IH, s, D20 
exchangeable) and 12.0 (S, 1H, D 20 exchangeable). 
Hydroxy - 4-Imethyl- 2H3 ]_hepta_1,6 diene (32b) 
A mixture of ethyl [2- 2H3]acetate (5.28 g; 0.058 mol) and ally! bromide 
(24.56 g; 0.203 mol) in a mixture of dry ether and tetrahydrofuran (3/7; v/v) (100 
ml) was added during 40 minutes with vigorous stirring to dry magnesium turnings 
(6.49; 0.27 mol) in diethyl ether (100 ml). After being heated under reflux for 6 
hours, water (ca 100 ml) was added followed by 6M H2SO4 (100 ml) with ice 
cooling, the solution was extracted with diethyl ether (3 x 80 ml) and the extract 
was washed with saturated sodium hydrogen carbonate solution (100 ml) and dried 
over magnesium sulphate. Concentration under reduced pressure yielded the 
hydroxy-diene. The crude product was distilled at 82-85°C (water pump pressure) 
to give 4-hydroxy_4_[methyl_ 2H3]_hepta.. I ,6-diene (6.8 g, 90 9%) was obtained. 
H (CDC13 ); 2.20 (4H, d, J = 7Hz, CH 3); 2.52 (IH, s, exchangeable, OH), 5.04-
5.14 (4H, m, = CH 2), 5.90 (2H, m, = CH). 
3- Hydroxy-3- [met/iyl -2H31 pentan- 1 ,5-dioic acid (33b) 
4-Hydroxy_4_[mezhyl_ 2H3]_hepta_1,6 diene (32b) (6.8 g; 41.2 mmol) was 
dissolved in dichloromethane-acetjc acid (10:1; 100 ml) and cooled to -78°C. 
Ozone was then passed through the solution until a permanent blue colour 
persisted. The solution was then allowed to warm to room temperature and the 
solvent was removed under reduced pressure to yield a colourless oil. The oil was 
dissolved in acetic acid hydrogen peroxide (100%) (78 ml; 48:30) and heated under 
reflux for 24 hours. On removal of the solvent the diacid remained as an oil 
which slowly solidified to give (33b) (8.6 g; 100%). 
6H (2H6-acetone); 3.27 (4H, s, CH 2), and 8.54 (3H, s, exchangeable,. 30H,). 
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3- Acetoxy-3-Imethyl- 2H3  1- pentan- 1 ,5-dioic acid anhydride (36b) 
3-Hydroxy- 3-[methyl- 2H3]-pentan- 1,5 -dioic acid (33b) (8.6 g; 52.1 mmol) 
was dissolved in acetyl chloride (16.4 g; 208 mmol) and the mixture was heated 
under reflux at 60°C for two hours. Removal of excess acetyl chloride under 
reduced pressure to give pale solid which was freed from acetic acid in an 
evacuated dessicator containing potassium hydroxide to give the acetoxy anhydride 
(36b) (9.85 g; 100%). 
6H (CDCI3); 2.03 (2H, s, OCOCH 3), 2.76 (2H, m, 2CH) and 3.54 (211, 2CH). 
4-I methyl- 2H3 1- Glutaconic anhydride (28b) 
A solution of 3-acetoxy-3-[methyl- 2H3] pentan- 1,5- dioic acid anhydride 
(36b) (9.85 g, 52.1 mmol) in xylene (100 ml) was heated under reflux for 24 hours. 
The solvent was removed under reduced pressure to give pure (28b) (6.72 g; 
100%). 
6H (CDC1 3 ); 3.46 (2H, m, CH 2) and 6.06 (1 H, s, = CH). 
6-Methoxy-4-[methyl- 2H3 )-pyran-2-one (29b) 
A freshly prepared cold etheral solution of diazomethane was added drop by 
drop to a cold solution of 4-[methyl- 2H]-glutaconic anhydride (28b) (200 mg; 155 
mmol) in dry ether (5 ml). the mixture was stirred at 0°C for one hour. The pale 
yellow solution was then filtered and solvent was evaporated under reduced 
pressure to give viscous oil of, 6-methoxy-4- [nethyl- 2H3]-pyrane-2-one (29b) 
(192 mg; 87% yield). 
oH (CDC1 3 ); 4.0 (3H, s, OCH 3 ), 5.52 (1H, s, = CH), 5.9 (IH, s, = CH). 
8-Hydroxy- 1 -methoxy-3-Imethyl- 2H3J-anthraquinone (89b) 
A solution of 6-methoxy 4-[methyl- 2H3]-pyran-2- one (29b) (106 mg; 0.74 
mmol) and juglone (250 mg; 1.44 mmol) was refluxed for five days, cooled and 
treated with silver oxide (625 mg) and anhydrous magnesium sulphate with 
continuous stirring at room temperature for 12 hours. The mixture was filtered, 
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and the solvent evaporated in vacuo, and the residue chromatographed on 
preparative thick layer silica gel using methylene chloride to develop the plates, 
the band (Rf 0.43) was separated and eluted with chloroform to give (124 mg; 
62%) of 8-hydroxy- 1 -methoxy- 3- [methyl -2H3]-anthraqujnone as yellow crystals. 
6H (CDC13 ); 7.0-7.8 (5H, m), 11.85 (IH, S, D20 exchangeable and 12.0 (IH, S. 
D20 exchangeable). 
Isolation of Tajixanthone and Shamixanthone from Aspergillus variecolor 
A. variecolor - strain 212K was stored under liquid paraffin on slopes of 
Czepek-Dox agar in the dark at 4°C. 
A spore suspension in distilled water was used to inoculate the production 
medium of malt extract broth (oxoid malt extract, 3% w/v; oxoid mycological 
peptone 0.5% w/v; distilled water to 100%). 100 ml of nutrient medium in each of 
500 ml Erlenmeyer flasks employed. The fungus was allowed to grow for two 
weeks at 26°C, eventually the mycelial mat produced dark green pigments. 
The mycelial mat was separated from the medium by decantation, washed 
with water and dried at 50°C for two days. The dried mycelial mat was ground to 
powder in mortar and extracted for three hours in soxhiet apparatus using 
petroleum ether (b.p. 40-60 0C). The solvent was evaporated by rotary evaporator 
and the methanol soluble fractions of the extract were separated by preparative 
t.l.c. using diethyl ether: benzene (5:95) as eluent. The yellow bands Rf = 0.25 
(tajixanthone) and Rf = 0.50 (shamixanthone) were each eluted with chloroform to 
give a crystalline yellow solids 98 mgF and 48 mgF in respective yield. 
Tajixanthone and shamixanthone required further purification by 
preparative t.l.c. using methylene chloride as eluent. The purified tajixanthone 
was recrystallised from acetone-petroleum ether (b.p. 40-60°C) to give yellow 
needles (70 mgr). Shamixanthone was recrystallised from petroleum ether (b.p. 
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40-60) to give yellow needles. Spectral and analytical data are in full agreement 
with the authentic samples. 
Incorporation of 13- '4CJ - chrysophanol 
A solution of [3- 14C]-chrysophanol (100 mg; 9.1 x 10 6 dpm/mmol) in 10 ml 
of dimethyl suiphoxide was distributed evenly between ten culture flasks 
containing a 4-day growth of the organism, the mycelial mat was harvested after 
a further ten days, tajixanthone (Ca. 30 mg) was obtained. 
The weighed sample (3 mg) of tajixanthone in diglyme (20 drops) was 
reduced with diborane (generated in situ from boron trifluoride etherate (6 drops) 
and sodium borohydride (25 mg). After 5 minutes, when most of the colour has 
disappeared, tetramethylammonium hydroxide (1 drop, 25% solution) and 30% 
hydrogen peroxide (1 drop) were added successively. After 10 minutes, the 
mixture was treated with ethanol (10 drops), warmed to 50°C and aqueous 
scintillant (7.5 ml) added. The solutions were then counted after refrigeration for 
15 minutes. 
Results and Calculations 
Specific activity of [3- 14C] chrysophanol (100 mg) 
= 9.1 x 10 6 dpm/mmol 
Molecular Weight of tajixanthone = 422 
Specific activity of the obtained tajixanthone = 1.15 x 10 dpm/mmol. 
Specific Incorporation = Specific activity of the product x 100 
Specific activity of the precursor 
Specific Incorporation = 1.15 x 10 x 102_ .26% 
9.1x106 	- 
Dilution = 	 Specific activity of the precursor 
Specific activity of the product 
= 	9.1x106 
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0.115 x 106 
Incorporation of lmethyl- 2H3 J chrysophanol 
A solution of [methyl- 2H3 1 chrystophanol (75 mg) in (10 ml) of dimethyl 
suiphoxide was prepared and distributed evenly between 5 flasks containing a 4-
day growth of the organism, the mycelial mat was harvested after a further ten 
days and worked up in the usual way to yield tajixanthone (35 mg after 
recrystallisation) and shamixanthone (24 mg after recrystallisation). 
Aspergillus variecolor Fermentation in 2H20-Supplemented Medium 
21120 (25 ml) was distributed evenly between 5 flasks containing the nutrient 
medium. The flasks were sterilised and inoculated in the usual way. the mycelial 
mat was harvested after 14 days and worked up to give universally deuterium 
labelled tajixanthone (21 mg) and shamixanthone (15 mg). 
Preparation of 1,3-Acetone Dicarboxylic acid (63)35  
In a 5-L round bottom flask fitted with an efficient mechanical stirrer is placed 
600 g of fuming sulphuric acid (20 percent of free sulphur trioxide), then the 
flask is cooled very efficiently with a thick pack of ice and salt, until the 
temperature of the diacid registered -5°C. The stirring was started, and 140 g of 
finely powdered Citric acid was added gradually. the speed of addition was 
regulated according to the temperature of the reaction mixture. The temperature 
should not rise above 0°C until half of the citric acid has been added, after which 
the temperature should not be allowed to exceed 10°C until the reaction was 
complete. The addition requires three to four hours, provided efficient cooling 
was used. The citric acid should be in solution at the end of this time; if not, the 
stirring should be continued until it has dissolved completely. 
The temperature of the reaction mixture was allowed to rise gradually until 
a vigorous evolution of gas commenced; at this point the flask was cooled with ice 
water to stop the excessive frothing, but cooling was not carried far enough to stop 
the evolution of the gas entirely After the more vigorous foaming has ceased, 
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the reaction mixture was raised to about 30°C and kept there until no more 
foaming occurred. A convenient way of determining this point was to stop the 
stirring for a moment and allow the mixture to remain quiet. After a minute or 
so, a clear brown liquid giving off very few gas bubbles should result. This 
general procedure required two hours. The reaction mixture was cooled down 
again with ice and salt until the temperature reaches 0°C, then 480 g of finely 
cracked ice was added in small portions at such a rate that the temperature did not 
rise above 10°C until one-third of the ice has been added. Then the temperature 
may by allowed to rise 25-30°C. The addition of the ice required about two 
hours; after this, the mixture was cooled again to 0°C and then filtered as rapidly 
as possible, the acetone dicarboxylic acid is light gray to white in colour. After 
the suction and pressing have removed practically all of the sulphuric acid the 
cyrstals are transferred to a beaker and stirred with ethyl acetate (about 50 ml) to 
make a thick paste. The crystals were filtered with suction. m.p. 130-134°C. 
H (2H6-acetone); 3.4 (4H, s, CH 2), 8.0 (211, br s, CO2H). 
Dimethyl 3-hydroxy-pentan- 1,5-dioate (55) 
3-Hydroxy-pentan-1,5-dioic acid (48) (200 mg) was suspended in diethyl 
ether (20 ml). Diazomethane solution in diethyl ether was added dropwise until 
the reaction ceased. The reaction mixture was stirred for 2 hours at 4°C. The 
solvent was removed under reduced pressure to give 190 mg of (55). 
Dimethyl 1,3-acetone dicarboxylate (56) 
Jones reagent was added dropwise to a cooled suspension of (55) (190 mg) in 
acetone (20 ml) until the mixture turned completely green. The mixture was 
stirred for 2 hours at 4°C then 10 ml of isopropyl alcohol (5 ml) was added. After 
1 hour the mixture was diluted with diethylether and filtered through fluorosil. 
The solvent was removed under reduced pressure to give 130 mg of (56). 
H (CDC13); 3.5 (4H, s, CH 2), 3.6 (6H, s, OCH3). 
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3-Oxo-pentan-1 ,5-dioic acid anhydride (64)S 
1,3-Acetone dicarboxylic acid (63) (0.5 g; 3.4 mmol) was stirred for 45 
minutes with acetic anhydride (0.35 g; 3.4 mmol) at room temperature. The 
solvent was evaporated under reduced pressure to given an off white solid of (64) 
(438 mg, 100% yield). 
4,6-Dimethoxy-2-pyrone (65) 
3-Oxo-pentan-1,5-diojc acid anhydride (64) (100 mg; 0.78 mmol) in diethyl ether 
(10 ml) was stirred at 0°C for 10 minutes. Diazomethane solution in diethyl ether 
was added dropwise until the reaction ceased. The reaction mixture was stirred 
for 1 hour at room temperature. The solution was filtered and the solvent was 
removed under reduced pressure to give (90 mg, 73% yield) of (65). 
H (CC14); 3.82 (3H, s, OCH3 ), 3.88 (311, s, OCH 3), 5.0 (IH, d, J 2Hz, = CH), 
5.20 (1 H, d, J 2Hz, = CH). 
3-Acetoxy-glutaconic acid anhydride (68) 
1,3-Acetone dicarboxylic acid (63) (0.5 g; 3.4 mmol) was stirred for 1 hour 
with acetic anhydride (0.7 g, 6.8 mmol) at 60°C. The solvent was evaporated in 
vacuo to give an off white solid of (68) (580 mg, 100% yield). 
6H (CDC1 3 ); 2.31 (3H, s, OCOCH3 ), 3.75 (2H, d, J 2Hz, CH 2), 6.41 (1H, t, J 
2Hz, = CH). 
6-Methoxy-4-acetoxy-2-pyrone (69) 
3-Acetoxy-glutaconje acid anhydride (68) (100 mg, 0.58 mmol) in 
diethylether (10 ml) was stirred at 0°C. Diazomethane solution in diethyl ether 
was added dropwise until the reaction ceased. The reaction mixture was stirred 
for 1 hour at room temperature. The solution was filtered and the solvent was 
removed under reduced pressure to give (69) (80 mg; 74% yield). 
H (CC14 ); 2.30 (3H, s, OCOCH 3), 3.92 (3H, s, OCH 3 ), 5.33 (1 H, d, J 2Hz, = 
CH), 5.73 (1H, d, J 2Hz, = CH). 
4-Hydroxy-3,5-dimethyl-hepta- 1,6 diene (70) 
A mixture of ethyl formate (5.4 g; 0.068 mol) and 3-chloro-1-butene (18.38 
g; 0.203 mol) in a mixture of dry ether and T.H.F. (3/7; v/v; 100 ml) was added 
during 40 minutes with vigorous stirring to dry magnesium turnings (6.49; 0.27 
mol) in diethyl ether (100 ml). After being heated under reflux for 6 hours, water 
(ca 100 ml) was added followed by 6M H 2SO4 (100 ml) with ice cooling. The 
solution was extracted with diethyl ether (3 x 80 ml) and the extract was washed 
with saturated sodium hydrogen carbonate solution (100 ml) and dried over 
MgSO4 . Concentration under reduced pressure yielded the hydroxy diene (70). 
The crude product distilled at 72°C (water pump pressure) to give pure (70) (8.7 g; 
85.3% yield). 
3-Hydroxy-2,4-dimethyl-pentan- 1,5-dioic acid (71) 
4-Hydroxy 3,5-dimethyl hepta-1,6 diene (8.7 g; 62.14 mmol) was dissolved 
in dichloromethane acetic acid (10:1; 100 ml) and cooled to -78°C. Ozone was 
then passed through the solution until a permanent blue colour persisted. The 
solution was then allowed to warm to room temperature and the solvent was 
removed under reduced pressure to yield a colourless oil. The oil was dissolved in 
acetic acid-hydrogen peroxide (100%) (78 ml; 48:30 ml) and heated under reflux 
for 24 hours. On removal of the solvent the diacid (71) remained as semisolid oil 
(10.9 g; 100% yield). 
H (2H6-Acetone); 1.13 (3H, d, J 4Hz, CH 3 ), 1.23 (3H, d, J 4Hz, CH 3 ), 2.6 (2H, 
m, CHCO2H), 4.12 (1H, m, CHOH), 7.8 (3H, br s, 30H). 
3-Acetoxy- 2,4-dimethylpentan- 1 ,5-dioic acid anhydride (72) 
3-Hydroxy-2,4-dimethylpentan-1,5-djoic acid (1.76 g; 0.01 mol) was heated 
with (3.14 g, 0.04 mol) acetyl chloride to 60°C. Concentration under reduced 
pressure yielded 3-acetoxy-2,4-dimethylpentan-1,5 dioic acid anhydride as thick 
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oil (2.0 g; 100% yield). Recrystallisation from diethyl ether gave white needles, 
M.P. 109-115°C. 
4 (CDCl); 1.25 (3H, s, CH3 ), 1.34 (3H, s, CH 3 ), 2.09 (3H, s, OCOCH3), 2.92 
(2H, dq, J 4, 3 Hz, CHCH3), 5.44 (1 H, t, J 3Hz, CHCH). 
Found: 	C, 54.0; H, 6.0%. C9H 1205 requires C, 53.88; H, 6.11%. 
2,4-Dimethyl-pentan- 1,5-dioic acid (77) 
3-Hydroxy-2,4-dimethyl-pentan- 1,5-dioic acid (1.0 g, 5.6 mmol) was 
refluxed with (20 ml. conc. HCL) for 48 hours. The reaction mixture was cooled 
and extracted with diethyl ether (3 x 100 ml), to give (77) (0.8 g). 
6H (2H6-Acetone); 1.28 (3H, d, J 7Hz, CH 3CH), 1.93 (3H, d, J 1.5Hz, CH), 6.80 
(1H, J 7Hz, J 1.5Hz, CH =) 
4-Hydroxy-3,4,5-trimethyl-hepta-1 ,6-diene (83) 
A mixture of ethyl acetate (5.98 g; 0.068 mol) and 3-chloro 1-butene (18.36 
g; 0.203 mol) in a mixture of dry ether and T.H.F. (3/7; v/v) (100 ml) was added 
during 40 minutes with vigorous stirring to dry magnesium turnings (6.49 g; 0.27 
mol) in diethy ether (100 ml). After being heated under reflux for 6 hours, water 
(Ca; 100 ml) was added followed by 6M H 2SO4 (100 ml) and the extract was 
washed with saturated sodium hydrogen carbonate solution (100 ml) and dried 
over MgSO4. Concentration under reduced pressure yielded the hydroxy diene 
(83) as an oil, the crude product distilled at 69-73°C (water pump pressure) to 
give the pure hydroxy-diene (83) as a colourless oil (9.3 g; 88.9% yield). 
6  (CDC13 ); 1.0 (6H, s, CH 3 ); 1.1 (3H, s, CH3); 1.41 (1 H, s, OH), 2.2-2.5 (2H, 
m, C-CH); 4.9-5.2 (4H, m, C = CH2); 5.6-6.1 (2H, m, C = CH). 
3- Hydroxy- 2,3,4 - trimethyl- pentan-dioic acid (84) 
4-Hydroxy-3,4,5-trimethyl-hepta-1,6-diene (83) (9.3 g; 0.06 mol) was 
dissolved in dichioromethane: acetic acid (10:1; 100 ml) and cooled td -78°C. 
Ozone was then passed through the solution until a permanent blue colour 
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persisted. The solution was then allowed to warm to room temperature and the 
solvent was removed under reduced pressure to give a colourless oil. the oil was 
dissolved in acetic acid hydrogen peroxide (100%) (78 ml; 48:30) and heated under 
reflux for 24 hours. On removal of the solvent the diacid (84) remained as an oil 
(11.4 g; 100% yield). 
6H (2H6-acetone); 0.60 (3H, s, CH 3 ), 0.68 (311, s, CH 3), 0.73 (3H, s, CH 3 ), 1.9-
2.4 (2H, m, C.-CH), 5.4 (2H, s, COOH). 
4-Acetoxy-3,4,5-trimethyl-glutarjc anhydride (85) 
3-Hydroxy 2,3,4-trimethyl-pentan-cjjojc acid (84) (500 mg; 2.63 mmol) was 
dissolved in acetyl chloride (892 mg; 11.36 mmol) and the mixture was heated 
under reflux at 60°C for two hours. Removal of the excess acetyl chloride under 
reduced pressure gave (85) which was freed from acetic acid in an evacuated 
dessicator containing potassium hydroxide to give pure acetoxy anhydride (85) (560 
mg; 100% yield). 
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CHAPTER 4 
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4. 	Biosynthetic studies on Some Aspergillus Triprenyl-phenols 
4.1 	Introduction 
The X-ray structure 1 ' 3  and absolute stereochemistry of andibenin-B (1), 
isolated from Aspergillus variecolor, were first reported in 1976 and a 
polyisoprenoid biogenesis was suggested'. Two related metabolites, named 
dihydroandibenin and deoxyandibenin, were also isolated', but were subsequently 
renamed andilesin-A (4) and andilesin-B (5) after x-ray crystallography established 
the skeletal difference between them and andibenin-B, and spectroscopic 3,4  and 
chemical4  study revealed their structural relationship. Additional metabolites, 
andilesin-C2 ' 3 '4 (6), and andibenins-A 4 (2) and C (3), were isolated and 
characterised. 
Biosynthetic investigation 5 of andibenin-B (1), in which [1- 13C]-, [2- 13CJ-
and [1,2- 13C21-acetates and [Methyl- 13C]-methionine were fed to A. variecolor, 
however, showed a labelling pattern (Scheme 1) inconsistent with a sesterpenoid 
origin. A mixed tetraketide-sesquiterpene biogenesis was indicated and a route 
was proposed (Scheme 1) whereby alkylation of a phenol (7) with farnesyl 
pyrophosphate gave the intermediate species (8): after cyclisation to the triene (9), 
a [4 + 2] cycloaddition could generate the required carbon skeleton (10). 
Although several fungal triprenyl-phenols had been previously described, the 
degree of skeletal modification required to form andibenin was unprecedented. 
Structural analysis 4 suggested that the andilesins might be precursors to the 
andibenins, and that the most likely biosynthetic sequence within each series would 
be A to B to C by a sequence of dehydration and reduction. This, and the general 
observation 7  that the 3-keto oxygen of a polyketide chain cyclised at the 2-
methylene position is always retained in the stabilised polyketide, in turn implied 
that an orsellinate might be the true tetraketide intermediate, giving initially 
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A number of orsellinate (11), (12) 1 (13) and deoxyorsellinates (14) and (15) 
were synthesised 8 and fed to A. variecolor9 . Both 3,5 -dime thylorsellinate (12) and 
the deoxy-analogue (15) were well incorporated into andibenin-B although the 
former was utilised some 2.5 times more efficiently. The specificity of labelling 
was established by feeding the deuterated orsellinate (13): the andibenin-B and 
andilesin-A subsequently isolated both showed a single resonance in their 2H 
NMR spectra. In each case this corresponds to the 10-methyl group (Scheme 2). 
In contrast, the unmethylated compounds (11) and (14) did not label andibenin-B 
to any significant extent, establishing that the methyl groups previously shown 5 to 
be methionine -derived in andibenin were incorporated into the precursor 
tetraketide before aromatisation. 
Austin (18) 18  has structural similarity to andibenin-B and the same 
biosynthetic origin seemed feasible (see Scheme 3). The triprenyl phenol 
intermediate (8) in andibenin-B biosynthesis can also be suggested as an 
intermediate in austin biosynthesis. A second addition to the farnesyl side chain 
together with squalene type cyclisation will give rise to the tetracyclic intermediate 
(16). Addition of oxygen and ring contraction gives the cyclopentanone (17). 
Modification of the tetraketide portion is completed by insertion of oxygen and 
condensation of the y-lactone moiety. Elaboration of the farnesyl moiety to the 
spiro-lactone system followed by addition of an acetate unit at a C- Il hydroxy 
group completes the biosynthesis. 
The origins of the oxygen atoms in the meroterpenoid metabolites were 
studied 13 ' 10  by incorporation experiments in the presence of 1802 and [1- 13C, 
18021_ acetate, to try to elucidate information on the mechanisms by which the 
extensive modifications observed for the orsellinate- derived moiety in austin 
occurred and also for the formation of the Spiro- 6-lactone systems in andibenin-B 
















































andibenin-B 10, the low level of incorporation obtained precluded the observation 
of the necessary isotope shifts for andilesin-A and austin. Results indicated that 
four oxygens in andibenin-B were aerobically derived, the two oxygen atoms in 
the spirolactone ring, the oxygen at C-10, and singly bonded oxygen at C-I. 
Incorporation of [I-13C, 18  02]- acetate showed that the oxygens at C-4 and C-8 
are acetate derived. In accord with earlier labelling studies, these results show 
that the C-3 lactone function must be formed by a biological Baeyer-Villiger-type 
oxidation 12  of a corresponding ketone precursor (scheme 4). Generation of the 
spiro ring system involved a ring contraction which required development of 
formal carbocation character at C-S. Since the 10-hydroxy group of andibenin-B 
is derived from atmospheric oxygen, the rearrangement cannot terminate by a 
capture of an intermediate C-lO carbocation by water. Instead, intramolecular 
attack by the carboxy group or an elimination -epoxidation-reduction sequence as 
shown in Scheme 4 is probably responsible for the hydroxy function. 
The results from incorporation of label from 1802 into austin 13 were 
consistent with a modification scheme in which the orsellinate moiety undergoes a 
ring contraction via an cx-ketal rearrangement followed by a biological Baeyer-
Villiger type of oxygen insertion to form the cS-lactone moieties found in both 
the polyketide and terpenoid derived portions of the molecule as shown in Scheme 
5. The problem of low incorporation of labelled acetate was overcome by 
synthesising 3,5 -dime thylorsellinate doubly labelled with 13C and 180 in both the 
carboxy carbonyl and at the C-6 position. This was incorporated with high 
efficiency into austin to confirm the 1802 results 14 , and also into andilesin-A to 
rule Out the possible involvement of deoxyorsellinate intermediates in the 
biosynthesis of the andibenins and andilesins 15 . 
Incorporation of 13C-labelled acetates and [Methvl 13C]-methionine into 











(H1 0. Lem 
H0'0 





> CO2H lb 
0 






121 	A fls-9 II 
((1 p 
6(3 















7 t -7o(. 
( 7p_6% 
 
24 	 2.2 	 iO 	 1.8 	p.p:m 	
1:6 	 1 	 1. 
Figure 1. 360 MHz 1 H NMR spectrum of andibenin-B. 
similarities to the andilesins, showed that the skeletal differences and carbon-
labelling pattern could be accounted for by a cleavage of the andilesin-C (6) as 
shown in Scheme 6. 
4.2 Assignment of the 1 H and 13C-NMR spectra of andibenin-B, andilesin-A 
and anditomin 
In order to study further the mechanisms of the rearrangements involved in 
the formation of the terpenoid -derived portions of the meroterpenoid metabolites. 
It was planned to synthesise and incorporate mevalonates appropriately labelled 
with 2H and with 2 H and 13C. These studies required an exact assignment of 
both the I  H and 13C-NMR spectra of the meroterpenoid metabolites. With the 
exception of austin' 7 the previous 13C-labelling studies used assignments based on 
standard chemical shift data and comparisons among closely related structures and 
so could not be regarded as entirely rigorous. We therefore set Out to obtain an 
exact assignment of the 'H and 13C-NMR spectra of andibenin-B, andilesin-A 
and anditomin in anticipation of mevalonate incorporation experiments designed to 
obtain information on the origins of the hydrogens in the terpenoid derived 
portions of these molecules. 
4.2.1 Andibenin-B 
4.2.1.1 	H-NMR assignment 
The 360 MHz 1 H-NMR spectrum of andibenin-B is shown in Figure 1. 
The singlet at 7.04 p.p.m and the doublets at 6.74 and 6.06 p.p.m could be readily 
assigned to the olefinic hydrogens at C-6' and the cis coupled hydrogens at C-I 
and C-2 respectively. The doublets at 4.24 and 4.84 p.p.m could be assigned to 
the diastereotopic methylene hydrogens at C-I' but the exact assignment to the 1 
and I'a protons could not be made at this stage. The multiplet at 2.55 p.p.m had 
been previously assigned to the 7 ci-hydrogen on the basis of the x-ray structure 18 
which showed the close proximity of the 7 a-hydrogen to the y-lactone ring. The 
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9-hydroxyl appeared as a doublet at 2.00 p.p.m which was exchanged on addition 
of D20. The methyls gave rise to five singlets at 1.44, 1.38, 1.35, 1.16 and 1.02 
p.p.m respectively but could not be assigned at this stage. The remaining 
hydrogens appeared as a series of overlapping multiplets between 1.2 and 1.9 
p.p.m and were partially assigned by a series of decoupling experiments. 
Irradiation of the 7 a-hydrogen resulted in changes in the splitting pattern of 
multiplets centred at 1.18, 1.50 and 1.70 p.p.m. The signal at 1.70 p.p.m 
simplified to a doublet of doublets (14 and 4 Hz) due to the removal of a coupling 
(2.5 Hz) to H-7a . This signal can therefore be assigned to the equatorial 6 a-
hydrogen. The signal at 1.50 p.p.m also changed to a doublet of doublets (14, 4 
Hz) due to the removal of a large coupling (14 Hz) to H-7 allowing the 
assignment of this signal therefore to the axial 6 s-hydrogen. The remaining 
signal at 1.18 p.p.m must therefore be due to H-7 
On addition of D20 or irradiation of the hydroxyl proton, the signal at 1.87 
p.p.m which appeared as a triplet of doublets became a simple triplet. 
Examination of models suggested that this must be due to H-9 showing a 4-bond 
"W" coupling to the hydroxyl proton. The remaining triplet pattern arises from 
equal couplings (8.5 Hz) to the 11 a and Ila hydrogens. On irradiation of H-9, 
changes were observed in the multiplets at 1.59 and 1.80 p.p.m which could 
therefore be assigned to the 11-hydrogens. The remaining signals in this region 
could now be seen as an AB pattern due to the isolated C-12 methylene 
hydrogens at 1.62 and 1.59 p.p.m. The assignment of the methyl signals and the 
diastereotopic methylene hydrogens at C- 11, C-12 and C- 1 1 was achieved by 
carrying out a series of difference nOe studies 19.  The results of these experiments 
are depicted in Figure 2. Initially the methyls were labelled A-E for reference 
purposes as indicated in Figure 2. Irradiation of H_6a  (Figure 2n) results in 
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 j 	H 	Figure 3. Stereodrawing of andibenin-B showing the observed nOe's. 
H 
methyl-A results in enhancement of one of the diastereotopic 1-methylene 
hydrogens. Inspection of models suggests that these two signals are therefore due 
t 	 D 
to the 9-methyl and 1 a-hydrogen. The reciprocal experiment was also carried out 
to confirm this observation (Figure 2g). Irradiation of methyl-B enhances the 
hydroxyl signal. Methyl-B must therefore be assigned to the 13-methyl. The 
signal due to H-7 a is also apparently enhanced in this experiment. This is 
presumably due to simultaneous irradiation of H-7 which lies partially under the 
methyl resonance. Irradiation of methyl C results in a large enhancement of H-6' 
to confirm the results shown in (Figure 2n). Irradiation of methyl-D caused a 
small enhancement of the H-2 and H-I signals whereas irradiation of methyl-E 
resulted in strong enhancement of H-9 and a weak enhancement of methyl-B (i.e. 
13-methyl) signal. These two results are consistent with the assignment of methyls 
D and E to the methyls at the 4a and 4 -positions respectively (methyls 15 and 
14). Irradiation of the hydroxyl signal (Figure 2h) caused enhancement at H-i and 
methyl-B and a strong negative S,5r'o- I at- the. post itort of' dssolved ...ja-Ler 
d4d1c4o CCkP3C• Irradiation of H- (Figure 2b) resulted in a strong enhancement 
of the l'-hydrogen and also of H-1 and H-7. In addition a small negative nOe 
was observed on the 1 ' a-hydrogen. The nOe's to H-l ' a and H-I were confirmed 
on carrying out the reciprocal experiments (Figures 2f and 2d). Irradiation of H-9 
(Figure 2cz) resulted in enhancement of the lower field portion of the signal due to 
the 12-methylene hydrogen so that the signal could be assigned to 12/13 
These results are summarised in Figures 3 and 4 which indicate how the 
observed nOe's permit the spatial relationships among the hydrogens along the top 
and bottom faces of the molecule to be traced. The nOe between the 13-methyl 
and 10-hydroxyl signals then connects the top and bottom sequences. 
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Table 1 13C and 1 H NMR assignments for andibenin-B 
Atom 
5 C 
multiplicity* 6 H; multiplicity; JH,H  (Hz) 
I 151.813 6.74; d; 10 




6a 35.1T 1.70; ddd; 14, 4, 2.5 
B 1.50; ddd; 14, 14, 2.5 
27.8T 
B 
2.55, ddd, 14, 14, 2.5 
1. 18, ddd, 14, 4, 2.5 
8 48.9S 
9 52.713 1.87; ddd; 8.5, 8.5, 1.5 
10 77.2S 
lict 28.9T 1.8; dd; 12.5, 8.5 
B 1.59; dd; 11.5, 8.5 
12 ct 55.6T 1.59; d; 12.5 
B 1.62; d; 	11.5 
13 23.6Q 1.16, s 
14 24.5Q 1.44, s 
15 27.OQ 1.38, s 
I Ta 68.7T 4.24; d; 12 
B 4.84; d; 12 




6 140.913 7.04, s 
7 134.OS 
8 167.4S 
9 17.3Q 1.02, s 
10 17.2Q 1.35, s 
* S = Singlet D = Doublet T = Triplet Q = Quartet 
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Figure 6. Two dimensional heteroscalar 1 H- 13 C correlation spectrum of 
Olefinic region of andibenin-B. 
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Figure 7. Two dimensional heteroscalar 1 H- 13C correlation spectrum of 
aliphatic region of andibenin-B. 
With the assignment of the 1 H-NMR spectrum essentially complete the 
assignment of the 13C-NMR spectrum could be undertaken. e complete 'H-
assignment is shown in Table 1. 
4.2.1.2 13C-NMR assignment 
The 13C-NMR spectrum of andibenin-B is shown in Figure 5. The 
chemical shifts and observed proton multiplicities 5  allow the confident assignment 
of four of the signals; the signal at 213.9 p.p.m must be due to the C-4 ' ketonic 
carbonyl; the quaternary carbon signal at 134.0 p.p.m must be due to the fully 
substituted olefinic 7-carbon; the sp 3 triplet and doublet signals at 68.7 and 52.7 
p.p.m respectively must be due to the 1-methylene and 9-methine. The other 22 
resonances can be divided into various groups, based on chemical shift and proton 
multiplicity. Their appearance as quartets in the SFORD spectrum confirms that 
five signals at lowest frequency belong to the five methyl carbons. Five triplet 
signals at 27.8, 28.9, 35.1, 55.6, and 68.7 p.p.m are allocated to the sp 3 methylene 
groups. Three doublet signals 118.3, 140.9 and 151.8 p.p.m are allocated to the 
three olefinic methine carbons. The signals at 151.8 and 118.3 p.p.m are allocated 
to C-I and C-2 from comparison with austin 17 where the equivalent carbons 
appear at 146.5 and 120.2 p.p.m respectively. The signal at 140.8 p.p.m is 
allocated to C-6 1 and the singlet at 134.0 p.p.m can be readily assigned to C-7.' 
Two signals at 77.2 and 85.3 p.p.m each belongs to one or other of the non-
protonated oxygen-bearing sp 3 carbons i.e.C-4 or C-b. 
The three carbonyl signals can be divided, on chemical shifts grounds, into 
two ester carbonyls C-3 and C-8 at 164.2 and 167.2 p.p.m and that of lowest field 
(213.9 p.p.m) is due to the ketonic carbonyl carbon, C-4 1 
Further carbon assignments were made by recourse to 1 H- 13C 2D 
correlation spectra 21 . This allowed the assignment of all of the protonated carbon 
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Figure 8. Long range 1 H- 13C coupling established by selective 1 H 
decoupling experiments. 
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separate 2D experiments have been carried out, one for the aliphatic carbons 
(Figure 6) and the other one for olefinic carbons (1, 2 and 6) (Figure 7). H-l'was 
folded back into the proton frequencies. Proton-carbon correlation for all five 
methyl signals allowed the assignments of carbon resonances at 17.2, 17.3, 23.6, 
24.5 and 27.0 p.p.m to the 10 9 1' 13, 14 and 15 methyls respectively. Clear 
correlations were observed for H-12 and C-12, H-9 and C-9. The carbon 
resonances at 35.1, 28.9 and 27.8 p.p.m showed correlations with the 6, 118 and 78 
hydrogens respectively. Interestingly these three methylene carbons only 
correlate with one of the corresponding distereotopic hydrogens in each case. 
Analysis of long range couplings 22 in the fully 'H-coupled 13C NMR 
spectrum allowed the assignment of C-5 by irradiation of id-methyl hydrogens 





the results were not very clear. 
A series of difference 	3C difference nOe experiments have been 
carried out (Figure 9) in order to assign further quaternary carbon atoms. The two 
oxygen bearing sp 3 carbon atoms C-10 and C-4 can be assigned unequivocally to 
the signals at 77.2 and 85.3 p.p.m. Irradiation of the 15-methyl (Figure 9f) and 14 
methyl (Figure 9e) protons led to 25% and 26% enhancement of the singlet carbon 
signal at 83.3 p.p.m respectively. This confirms the assignment of this carbon to 
C-4. Irradiation of 10-methyl protons led to 23% enhancement of the singlet at 
51.0 p.p.m. This signal must therefore be due to the quaternary carbon, C-5 
Irradiation of 9-methyl protons led to 20% enhancement of the singlet at 
52.75 p.p.m. This signal must therefore be due to quaternary carbon, C-3 
The other enhancements in Figure 9 are due to selective population 
inversion, SPI20 and the proximity of some proton chemical shifts i.e. when 
certain protons are irradiated, irradiation of some other protons cannot be avoided. 
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Figure 10. DOUBTFUL spectra of andibenin-B. 
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The other three signals at 46.7, 48.9 and 58.5 p.p.m in the 13C-NMR must 
be due to C-2 C-8 and C-S. It waS difficult to assign these three quaternary 
carbons by long range decoupling or 1 H- 13C heteronuclear nOe, and the best way 
to assign them was by application of the DOUBTFUL technique. 
The DOUBTFUL technique23 uses a modified, INADEQUATE pulse 
sequence; i172 (x) -  -ir(y, -y) - -ir/2 (x)-t, -ir/2 (x, y, -x) AQ (x, -y, -x, y), 
with a variable time t 1 between the the initial ri2 -t - ir- t - ,/2 sequence, which 
creates the double quantum coherence , and the final 7112 mixing pulse, which 
converts it into a single quantum coherence. The double quantum frequency for 
an AX system is given by: \5Q  = + - 2 \', where V 0 is the transmitter 
frequency. With the transmitter frequency centred at the exact centre of an AX 
system, the double quantum frequency is zero and the intensities of this system 
are independent of t 1 . The double quantum frequency of other multiplets will be 
non-zero and the signals will therefore exhibit cosinuosoidal behaviour during t 1 . 
The co-addition of a number of spectra with varying t 1 will tend to cancel if t 1 is 
incremented over a period greater than 1/2. \)DQS  while the desired signals will add 
coherently. With a known chemical shift of one carbon and an expected shift of 
an adjacent quaternary carbon it is possible to confirm the connectivity and hence, 
assign the chemical shift of quaternary carbon. The correct choice of will 
selectively generate the AX system with a single 1 J (CC) coupling and cancel all 
other signals. 
When the transmitter frequency ( V0) was positioned at 57.7 p.p.m (Figure 
10) the midway between C-I ' chemical shift and the signal at 46.7 p.p.m, no 
double quantum coherence was observed between these two signals. Therefore the 
allocation of this signal to C-2 ' is ruled out. However, when the transmitter 
frequency was positioned at 63.6 p.p.m, the midway between C-i ' chemical shift 
84 
Figure 11. 360 MHz 1
H NMR spectrum of andilesin-A. 
and the signal at 58.5 p.p.m, a double quantum coherence was observed between 
these two signals, assigning the signal at 58.5 p.p.m to the quaternary carbon C-2! 
When the transmitter frequency positioned at 66.0 p.p.m, the midway 
between C-4 chemical shift and the carbon signal at 46.7 p.p.m, a double quantum 
coherence was observed between these two carbons which assigns the signal at 46.7 
p.p.m to the quaternary carbon, C-5. 
The only quaternary carbon which remained is C-8 which can now be 
assigned to the signal at 48.9 p.p.m. 
The complete 13C-assignment is depicted inTable I. 
4.2.2 Assignment of the 'H and 13C NMR spectra of andilesin-A 
Andilesin-A poses particularly difficult assignment problems and it was not 
possible to assign the 'H and 13 C NMR spectra completely separately from each 
other. While the following discussion is formally divided into assignment of the 
'H and 13C spectra, use is made of 'H- 13C correlation data in the l H NMR 
assignment. 
4.2.2.1 'H NMR assignment 
The 360 MHz 'H NMR spectrum of andilesin-A is shown in Figure ii. A 
number of assignments can be made by inspection of this spectrum. The mutually 
coupled doublets at 5.8 and 5.9 p.p.m, and 4.2 and 4.1 p.p.m are due to H-i, H-2 
and the diastereotopic I '-methylene  but the exact assignments to individual 
hydrogens can not be made at this stage. The doublets at 4.05 and 2.93 p.p.m can 
be assigned to H-6' and H-7' respectively on chemical shift grounds, and the 
exchangeable broad singlet at 3.20 p.p.m to the 6-hydroxyl proton. The five 
methyls in the molecule give rise to singlets at 1.44, 1.34, 1.29, 1.13 and 1.12 
p.p.m. The remaining signals appear as overlapped multiplets between 1.1 and 1.9 
P.P.M. 
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Figure 12. Expansion of the 1-2 ppm region of the 1 H COSY spectrum of 
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Figure 14. Saturation difference spectra of andileSifl 
Some clarification of this area was made by determination of the 'H COSY 
spectrum of andilesin-A. This will be discussed more fully below but for present 
discussion the expansion of the 1-2 p.p.m region is shown in Figure 12. This 
clearly shows the presence of an AX system at 1.48 and 1.13 p.p.m which must 
be due to the 12-methylene; and an AMX system at 1.73, 1.48 and 1.13 p.p.m due 
to H-9 and the 11-methylene. Cross sections through the AMX system are shown 
in Figure 13. The 'H- 13C correlation spectrum (see below) shows a correlation 
between a methine carbon at 55.6 p.p.m and the multiplet at 1.48 p.p.m so this 
must be due to H-9, whereas the signals at 1.73 and 1.13 p.p.m both correlate with 
a methylene carbon at 39.06 p.p.m, so these signals must be due to the 11-
methylene hydrogens. 
An expanded portion of the 360 MHz 'H NMR spectrum between 1.3 and 
1.2 p.p.m, together with the results of a number of saturation difference 24 spectra 
are shown in Figure 14. This technique, which is a form of selective population 
transfer experiment involves irradiation of one line of a multiplet and subtracting 
it from a control spectrum. This allows hidden and partly obscured multiplets to 
be observed and their multiplicities and coupling constants determined. In this 
way the multiplicities corresponding to H-9, H-11 , H-12 and H-S (see below) 
have been selectively observed and their coupling constants measured. 
A series of difference nOe experiments (Figure 16) were next carried out 
using the conformation of andilesin-A determined by X-ray studies 3 as an initial 
model. This is depicted in Figure 15. Although the molecule is for the most part 
rigid, examination of Dreiding models shows that there is flexibility in the A and 
B rings. In the crystal structure, ring B adopts a boat conformation, whereas ring 
A containing the 7-membered lactone ring has the 13-methyl in a pseudo-axial 
position, with the 14-methyl (4$) and IS methyl (4a ) slightly rotated away from 











Figure 15. X-ray crystal structure of andilesin-A. 
DC 








35% JI g 
1% 	
h 
Figure 16. Difference nOe spectra of andilesin-A. 
interaction between the 13 and 14 methyls. The methyl signals were initially 
labelled A to E for reference purposes as indicated in figure 16. 
Irradiation of methyl A at 1.12 p.p.m resulted (Figure 16f) in an 
enhancement (3%) of H-6' signal, so this signal must be the 10' methyl. It also 
caused an enhancement (4%) of the higher frequency signal assigned to the 12-
methylene. Irradiation of methyl-B at 1.13 p.p.m resulted (Figure 16g) in 
enhancement (4%) of the signal at 4.18 p.p.m, so that methyl-B must be the 9-
methyl and the signals at 4.18 and 4.08 p.p.m can now be assigned to H-1 and 
H-lb respectively. Irradiation of methyl-B also strongly enhanced (9%) the 
highest frequency signal of the AMX system at 1.73 p.p.m which must therefore 
be assigned to H-11, so that the signal at 1.13 p.p.m can now be assigned to H-
11 . 
Irradiation of methyl-C at 1.29 p.p.m (Figure 16h) caused enhancement of 
H-9 (1%) and of the lower frequency olefinic resonance at 5.75 p.p.m. Methyl-C 
must therefore be the 13-methyl and the olefinic resonances at 5.75 and 5.82 p.p.m 
can be assigned to H-i and H-2 respectively. 
Methyl-D and E at 1.34 p.p.m and 1.44 p.p.m must be due to the gem-
dimethyls attached to C-4. Irradiation of methyl-E (Figure 16a) caused small 
enhancement (1%) of both olefinic hydrogens and an enhancement (2%)of the 13-
methyl to indicate that this must be the methyl occupying the 4a position i.e. the 
14-methyl. The remaining methyl must therefore be the 15-methyl (or 4ct - 
methyl) and irradiation of this, resulted (Figure 16i) in enhancements of two 
multiplets at ca C1.6 and ca 1.8 p.p.m respectively. The signal at 1.6 p.p.m also 
enhanced on irradiation of H-I (Figure 16d) and examination of models clearly 
show that this must be due to H-S (see above). This signal also correlates with the 
methine at 41.9 p.p.m in the 1 H- 13C correlation spectrum. The signal at 1.8 p.p.m 
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Figure 17. Expansion of the 1-2 ppm region of the 1 H COSY spectrum of 
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Table 2 13C and 'H NMR assignments for andUesin-A 
Atom 	multiplicity* 	H, multiplicity; JH,H(HZ) 
1 149.7D 5.75; d; 10 
2 119.113 5.82; d; 10 
3 166.2S 
4 83.4S 
5 41.913 1.68; dd; 13, 5 
6c 22.5T 1.85; m 
8 1.52; m 
7 24.6T 1.9; m 
7 1.75; m 
8 45.3S 
9 55.613 1.48; ddd; 13.0, 11, 9.8 
10 43.6S 
ha 39.IT 1.73; 13, 8.9 
8 1.13; 	13, 	11 
12 50.4T 1.48 and 1. 13, d; 14 
13 23.2Q 1.29; s 
14 22.IQ 1.34; s 
15 29.9Q 1.44; s 
1 'a 68.8T 4.18; d; 9.5 




5 1  49.OS 
 71.7D 4.05; d; 7 
 40.8D 2.93; d; 7 
 174.4S 
 15.7Q 1.13; s 
 16.5Q 1.12; s 
* S = Singlet D= Doublet T = Triplet Q = Quartet 
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Figure 18.90 MHz PND and DEPT 1 C NMR spectra of andilesin-A. 
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must be due to one of the 6-methylene hydrogens, and again the model suggests 
that this is most likely to be H-6 
Further assignments of the remaining 6- and 7- methylene hydrogens comes 
from re-examination ofthe 'H COSY spectrum (Figurel7). The H-5 resonance at 
1.68 p.p.m does indeed show a correlation with the signal at ca 1.85 p.p.m, and 
also with a multiplet at ca 1.52 p.p.m which is largely obscured (Figure 7) by the 
multiplets due to H-9 and H-12. This must be assigned therefore to H-6 a. A 
correlation between both 6-methylene hydrogens can also be seen in Figure 17. 
Multiplets may also be seen in the expanded spectrum (Figure 14) on either side of 
the H-6 multiplet at 1.85 p.p.m. These are centred at ca 1.95 p.p.m and ca 1.75 
p.p.m. the latter being partly obscured by the H-Il multiplet. Although the 
COSY spectrum in this region is crowded, mutual correlations between all four of 
the 6- and 7-methylene hydrogens can be discerned (Figure 17). 
Thus the 'H NMR spectrum of andilesin-A has been completely assigned 
apart from the separate identity of the diastereotopic 7- and 12-methylene 
hydrogens. The results are summarised in Table 2. 
4.2.2.2 13C NMR assignment 
The 90 MHz 13C NMR spectrum of andilesin-A is shown in Figure 18 
along with the corresponding DEPT spectra which allow separation of the signals 
into 5 methyls, 5 methylenes, 6 methines and 9 quaternary carbons. On the basis 
of these multiplicities and chemical shift considerations a number of straight 
forward assignments can be made. Thus the three carbonyl resonances at 215.1, 
174.4 and 166.2 p.p.m can be assigned to the C-3 ketone, the C-8 y-lactone and 
the C-3 clactone carbonyls. the olefinic methines at 149.7 and 119.1 p.p.m 
must be due to C-I and C-2 respectively. The three oxygen bearing sp 3 
hybridised carbons at 83.4, 71.7 and 68.8 p.p.m corresponds to quaternary, methine 
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Figure 19a. Two dimensional heteroscalar 1 1-1- 13C correlation NMR spectrum 
of andilesin-A using high threshold. 
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Figure 19b. Two dimensional heteroscalar 1 H- 13C correlation NMR spectrum 
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Figure 20. Hetero 1 H- 13C nOe's observed in the 13C NMR spectra of 
andilesin-A. 
and methylene respectively allowing their assignment to C-4, C-6 	
I 
and C-i in that 
order. 
Further carbon assignments were made by recourse to the 1 H- 13C 2D 
correlation spectrum (Figure 19a) which allowed assignment of all of the 
protonated carbons by recourse to the hydrogen assignments discussed above. 
Thus the methyl signals at 15.7, 16.5, 22.1, 23.2 and 29.9 p.p.m were readily 
I 
assigned to the 9, 10, 15, 13 and 14 methyls respectively. The methine carbons at 
55.6, 41.9 and 40.8 p.p.m correlate with H-9, H-5 and H-7'respectively. The 
methylene carbons at 50.3 couples with both 12-methylene hydrogens in Figure 
19a, whereas the methylene carbons at 39.1, 24.6 and 23.2 p.p.m correlate with 
only one of the diastereotopic methylene hydrogens assigned to C- 11, C-7 and C-6 
respectively. When a lower threshold is chosen for the contour plot (Figure 19b), 
it can be seen that the 11-methylene carbon also correlates to the other 11-
methylene hydrogen, and also to H-9, and H-9 similarly shows a correlation to H-
11 a. This is presumably due to the strong coupling between H-9 and the 11-
methylene hydrogens. 
To assign the remaining quaternary carbons, a series of heteronuclear 1 11... 
13 difference nOe experiments (Figure 20) were carried out. Irradiation of H-I 
gives a 43% increase on the carbon at 43.6 p.p.m which must be due to C-b, and 
an 18% increase on the carbon at 166.2 p.p.m to confirm its assignment to C-3. 
Irradiation of H-7 ' causes enhancements of 20% and 25% on the carbons at 56.5 
and 174.4 p.p.m confirming their assignments to C-2' and C-8' respectively. 
Selective irradiations of the 9'and 10'methyls is limited by their proximity in the 
'H NMR spectrum. However, irradiation of the 9-methyl caused increases of 63% 
and 57% on the resonances at 54.9 and 49.0 p.p.m respectively. Irradiation of the 
10 methyl on the other hand enhanced these signals by 41% and 50% respectively 
to allow their assignment to C-3 ' and C-5 ' respectively. The remaining quaternary 
89 
resonance at 45.3 p.p.m must therefore be assigned to C-8 and appropriate 
enhancements are observed on irradiation of H-Il or H-12. 
The final assignment of the 13C NMR spectrum of andilesin-A based on 
the above studies is summarised in Table 2. 
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Figure 21. 360 MHz 1 H NMR spectrum of anditOnhin. 
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Figure 23. X-ray crystal structure of andito1ThL 
4.2.3 Hydrogen and carbon assignment of anditomin 
4.2.3.1 Hydrogen assignment 
(a) Chemical shifts and spin-spin couplings 
The 360 MHz 1 H NMR spectrum of anditomin (19) is shown in Figure 21. 
Simple chemical shift and coupling correlations allow the following partial 
assignments to be made. H-i and H-2 appear as an AB multiplet centred at 5.85 
p.p.m. Two closely spaced singlets at 5.03 and 5.01 p.p.m can be assigned to the 9 ' 
olefinic methylene hydrogens. The 1-methylene appears as a 2 proton singlet at 
4.43 p.p.m. Two singlets at 3.28 and 1.55 p.p.m can be assigned to H- li and H-9 
respectively, showing no mutual coupling. Inspection of Dreiding models indicate 
a dihedral angle of ca 90° consistent with this lack of vicinal coupling. A doublet 
of doublets (J, 11 and 8 Hz) at 3.02 p.p.m is clearly due to H-7: coupling to the 
6-methylene. A decoupling difference experiment showed that the 6L methylene 
appeared as a multiplet centred at ca 1.6 p.p.m (Figure 22). This was confirmed 
by a normal decoupling experiment. A second doublet of doublets (J, 13 and 6 
Hz) at 2.05 p.p.m must be due to H-5. Decoupling experiments failed to identify 
the position of the 6-methylene hydrogens, however two mutually coupled 
doublets (J, 13 Hz) at 1.94 and 1.32 p.p.m can be assigned to the 12-methylene 
hydrogens. 
Anditomin has four methyl groups and eight diastereotopic methylene 
hydrogens which can not be distinguished on the basis of chemical shift data and 
coupling constants. In order to assign these, further studies based on nOe and 
COSY experiments were carried out. 
(b) Difference nOe studies 
The X-ray structure of anditomin has been determined 25 and the 
conformation observed in the solid state (Figure 23) was used as a basis for 
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Figure 24. Difference nOe spectra of anditoflhifl. 
below) which indicate that the conformation of the molecule in solution is 
essentially the same as that in the crystal. 
The four methyl signals in the 1 11 NMR spectrum appear at 1.03, 1.21, 1.28 
and 1.38 p.p.m. These were labelled A, B, C and D respectively for reference 
purposes. Irradiation of methyl-A (Figure 24a) resulted in enhancements of the 
signals already assigned to both 12-methylene hydrogens and the high frequency 
part of the 6!.methylene signal. Methyl A can therefore be assigned to the 10-
methyl and the signal centred at 1.59 p.p.m to the H-4 and that at 1.54 p.p.m to 
H-6. 
Irradiation of methyl-B (Figure 24b) strongly enhanced H-9 and the low 
frequency part of the AB multiplet assigned to H-I and H-2. This identified 
methyl-B as the 13-methyl and indicates that H-i resonances is to low frequency 
compared to the H-2 resonance. The contrasts with andibenin-B where 
conjugation of the y-iactone double bond with the C-3 carbonyl results in 
deshielding of H-i relative to H-2. 
Irradiation of the 13-methyl also caused an enhancement of methyl-D 
suggesting its assignment to the 14-methyl, and an enhancement of the complex 
multiplet at ca 1.75 p.p.m which could be due to H-7 . 
Irradiation of methyl-C (Figure 24c) caused a small enhancement of 
methyl-D and an enhancement of H-5, and so this signal must be due to the 15-
methyl. Irradiation of methyl-D (Figure 24d) on the other hand resulted in a 
strong enhancement of methyl-B (13-methyl) and a small enhancement of both H-
1 and H-2. These confirm that the confirmation of ring-A is essentially the same 
in both the solid and solution, and completes the assignment of the methyl 
signals in the 'H NMR spectrum. 
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Irradiation of H-li (Figure 24e) caused enhancement of H-9, H-i (see 
below) and the low frequency singlet of the 9-methylene signal. Irradiation of the 
1-methylene signal, (Figure 24f) on the other hand, enhanced the high frequency 
singlet. It also resulted in very strong enhancement of H-5 and also H-7 'so that 
irradiation of this methylene provides a link between the upper and lower faces of 
the molecule. The complementary irradiation of H-5 (Figure 34g) produced an 
enhancement of the 1-methylene signal. 
Finally irradiation of H-7' resulted (Figure 24h) in enhancement of the 12-
methylene doublet at 1.94 p.p.m which must therefore be due to H-12c , so that 
the doublet at 1.32 p.p.m can be assigned to H-12 
(c) proton-proton correlation spectra 
The remaining protons to be assigned are those of the 6 and 7 methylenes. 
Closer inspection of the expanded 1 H NMR spectrum (Figure 21b) revealed the 
presence of a multiplet centred at 1.96 p.p.m partly obscured by the H-12 signal. 
Other complex multiplets are apparent at ca 1.75, 1.65 and 1.45 p.p.m. The 
difference nOe studies above indicated a spatial relationship between the 13-
methyl and the signal at ca 1.65 p.p.m. Models suggest that this signal is due to 
H-7. 
The 1 H COSY spectrum of anditomin (Figure 25) shows a correlation 
between the signals 1.96 and 1.75 p.p.m. The signal at 1.96 p.p.m cannot be due 
to either of the 6-methylene hydrogens otherwise its proximity to the H-5 
resonance would have resulted in a severe distortion of this signal, which suggests 
that the signal at 1.95 p.p.m is therefore due to H-7 a . Further support for this 
assignment was provided by re-examination of the H-12 decoupling experiment, 
which also caused a change in the multiplet at ca 1.75 p.p.m consistent with 



















Figure 26.90 MHz PND and DEPT 13C NMR spectra of anditomin. 	
I 
In the COSY spectrum, a weak correlation is observed between the 
multiplets at 1.75 and 1.45 p.p.m. In 1 H- 13C correlation spectra (see below) the 
signals at 1.45 and 1.95 p.p.m show correlation with the methylene carbons at 20.7 
and 25.3 p.p.m to help confirm the assignment of these resonances to hydrogens 
attached to C-6 and C-7 respectively. 
Further correlation observations in the COSY spectra are between the 12-
methylene hydrogens, the 14 and 15 methyls and also between the pseudo-axial 13 
and 14 methyl signals. 
This completes the 'H assignment to date. The assignments of H-7c and 
H-7 8 must be regarded as tentative as is the position of the remaining 6-
methylene hydrogen, as yet no distinction between H-6a and H-6 8 is possible. 
4.2.3.2 Assignment of carbons 
Although partial assignment of the 13C-spectrum of anditomin (19)16 has 
been made, it was not reliable enough for 13C-labelling studies. The 24 signals in 
the 90 MHz 13C-NMR spectrum of anditomin (Figure 26) can be classified to four 
methyl carbons, 6 methylene carbons, 6 methine carbons, three carbonyl carbons 
and five quaternary carbons, on the basis of chemical shift data and spin 
multiplicity. 
Chemical shift data and DEPT experiments (figure 26) allowed the confident 
assignment of 9 carbon atoms: the oxygen-bearing carbon C-I at 75.5 p.p.m, the 
sp2  methylene carbon, C-9 at 111.4 p.p.m. The sp 2 methine carbon, C-i at 147.4 
p.p.m, the sp2  methine carbon, C-2 at 120.1 p.p.m, the oxygen bearing quaternary 
carbon, C-4 at 83.6 p.p.m, and the sp 2  quaternary carbon, C-3 at 148.0 p.p.m. C-
5 Could be the signal at 54.0 p.p.m since it is next to a carbonyl group. 
There are three carbonyl groups in anditomin; two ester carbonyl carbons, 
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Figure 28. Hetero 1 H- 13C nOe's observed in the 'C NMR spectra of 
anditomin. 
carbon, C-4 must be the signal at 207.9 p.p.m. The ester carbonyl C-3 will be the 
signal at 165.9 p.p.m since C-3 is part of conjugated seven-membered lactone ring 
whereas the signal at 173.8 p.p.m can be assigned to C-8 since C-8 is part of five 
membered lactone. 
All the hydrogen bearing carbons can be assigned by 2D 13C- 1 H correlation 
experiments, the results of which are depicted in Figure 27, where due to the 3 
p.p.m proton sweep width used, the signals of the hydrogens attached to carbons 1, 
2, 1 ' and 9 ' appear superimposed in the 1-3 p.p.m region. These confirm the 
assignments made for these carbons above. Clear correlations are observed for the 
four methyls allowing the signals at 23.5, 30.31, 23.7, 25.57 p.p.m to be assigned to 
C-is, C-14, C-10 and C-13 respectively. The 5, 9, ii, 7 and C-6 methylenes all 
show good correlations. C-12 Correlates to both of the 12-methylene hydrogens. 
the methylene carbon signal at 25.4 p.p.m shows a correlation to the signal at 1.95 
p.p.m assigned to H-7 a and the remaining methylene carbon at 20.6 p.p.m shows a 
weak correlation to a proton at 1.45 p.p.m to confirm the tentative assignment of 
the signal to H-6. 
Quaternary carbons were assigned by the 13CH heteronuclear Overhauser 
enhancements depicted in Figure 28. Irradiation of the 10-methyl leads to a 29% 
enhancement of the signal at 44.18 p.p.m so this signal must be allocated to C-5. 
Irradiation of H-7 leads to a 29% enhancement of the signal at 173.7 p.p.m so this 
signal is confirmed as C-8. It also leads to a 29% enhancement of the signal at 
53.9 p.p.m therefore this signal must be allocated to C-2. Irradiation of the 13-
methyl leads to a 24% enhancement of the signal at 42.35 p.p.m therefore this 
signal must be allocated to C-10. This signal is also enhanced (28%) on irradiation 
of H-9, which also enhanced (15%) the signal at 47.5 p.p.m which also enhanced 
(24%) by irradiation of H-12. This signal must therefore be due to C-8. 
Irradiation of H-9 and H-12 lead to a 12% and 14% enhancement on the 
95 
Table 3 13 C and 1 H NMR assignments for anditomin 
Atom 
5 c 
multiplicity* H; multiplicity; JHH(HZ) 
I 147.413 5.81; d; 13 
2 120.1D 5.88; d; 13 
3 165.9S 
4 83.6S 
5 44.26D 2.05; dcl; 13, 6 
6 20.65T 1.65, 1.45; m 
25.37T 1.96; m 
1.75; m 
8 47.5S 
9 61.06D 1.55; s 
10 42.35S 
11 63.86D 3.28; S 
12 a 49.37T 1.94; d; 13 
1.32; d; 13 
13 25.57Q 1.21; S 
14 30.31Q 1.28; S 
15 23.35Q 1.38; S 





6 ' c 30.31T dd; 1.54, 13.5, 8 
dd; 1.59, 13.5, 10 
71 44.14D dd;T11, 8 
 173.8S 
 111.4T 5.02; d; 5 
 23.7Q 1.03; 5 
S = Singlet D = Doublet T = Triplet Q = Quartet 
s = singlet d = doublet t = triplet q = quartet 
2 	
Br 	
HO Me 	 HO Me 
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Scheme 7 
methylenic carbon signal at 25.37 p.p.m which confirms its assignment to C-7. 
Other enhancements are due to proton resonances overlapping and selective 
population inversion (SPI) effects. This completes the assignment of carbons in 
anditomin and the full assignment is depicted in Table 3. 
4.3 Synthesis of Labelled Mevalonic Acid Lactones (MVA) 
In order to study the details of the conversions of the farnesyl 
pyrophosphate derived moieties in the meroterpenoid metabolites, it was necessary 
to try to obtain information on the fate of the different hydrogen atoms, by 
synthesis and incorporation of appropriately labelled mevalonic acid lactones 
(MVA). Two approaches were attempted. The first using 2H labelled precursors 
with subsequent 2H NMR analysis of the enriched metabolites. The second 
approach involved the use of precursors doubly labelled with 2H and 13C with 
subsequent observation of 2H-induced isotope shifts in the 13C NMR spectra of 
the enriched metabolites. 
The following labelled precursors were synthesised, [6- 14C]- , [4- 2H2]-, [5-
2H2]-, 6-[2H3 ]-, [6 3C, 6- 2H3]-, [4- 13C, 5_2H2]_ and [5- 3C, 4-2112 1 mevalonic 
acid lactones. Two basic routes have been used to produce the above compounds. 
As discussed in section (3.4), treatment of 	-hydroxy- -methylglutaric 
acid26 with acetic anhydride was reported to give the hydroxy anhydride (22) 
which on reduction with sodium borohydride in propan-2-ol produced mevalonic 
acid lactone (23). Other workers reported problems with this route 27 in particular 
with the cyclisation step. However systematic examination of the cyclisation step 
defined the conditions required to produce the hydroxy -anhydride (22) in high 
and reproducible yield 28 . The overall route is summarised in Scheme 7. Thus 
starting with isotopically labelled sodium acetate, MVA labelled in either the 3 or 
6 position can be readily synthesised by this route. Therefore [1- 14C]-, [2- 211 3 ]- 
W. 
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Figure 29. 80 MHz 1 H NMR spectrum of [5- 2H2] - mevalonic acid lactone. 
3 
Figure 30. 80 MHz 1 H NMR spectrum of [4-2H2] - mevalonic acid lactone. 
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Figure 31. 80 MHz 1 H NMR spectrum of [4- 13C, 2H31 - mevalonjc acid 
lactone. 
and [2- 13C, 2- 2H3] acetate have been used to produce [3- 14C]-, [6- 2H 3 ]-, and [6-
13c, 6- 2H1 mevalonic acid lactones respectively. 
[5- 2 1­12 1 MVA was readily prepared by reduction of the hydroxy- anhydride 
(22), prepared from unlabelled acetate, with sodium borodeuteride. The 'H NMR 
spectrum of this compound is shown in Figure 29. 
The second route was a modification of that reported by Cane and Levin 29 
for the synthesis of [2- 13C] MVA. This is summarised in Scheme 8. Thus 
starting with ethyl [2- 2H 3 ]-acetate, conversion to the enolate and condensation 
with 1,1-dimethoxybutan-3-one gave the hydroxy-ester (25). Lithium aluminium 
hydride reduction of the ester furnished the diol (26) which after protection as the 
acetate was converted in a one-pot reaction to the desired [4- 2H2] MVA, whose 
'H NMR is shown in Figure 30. 
[4- 13C, 5- 2H21 MVA was prepared in a similar fashion using butyl [2- 13C]-
acetate to prepare the 13C-labelled hydroxy ester. Reduction with lithium 
aluminium deuteride gave the doubly 13C, 2H-labelled diol which was 
subsequently converted to [4- 13C, 5-2H2 1 MVA whose 
l H NMR spectrum is 
shown in Figure 31. 
In order to study the stereospecificity of incorporation of hydrogen from C-
5 of MVA into the meroterpenoids. The preparation of (5R) and (5S)- [5- 2H 1 ] 
MVA was required. Particular points of interest being the stereochemistry at C- Il 
in andibenin and andilesin as one would predict that the condensation of FPP with 
the key dimethylorsellinate would result in an inversion of configuration at C-1 of 
FPP (which becomes C-Il in the meroterpenoid) if the reaction proceeded with 
the expected SN2 displacement of pyrophosphate. Oxygen-18 labelling studies on 
austin indicate that the 11 -acetoxyl function is introduced by hydroxylation at C-
11 followed by acetylation of the resultant secondary alcohol 13 . The mode of 
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Figure 32. 80 MHz 1 H NMR spectrum of (39). 
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Synthesis of stereospecifically labeled mevalonate at position 5. The reactions 
corresponding to a -h are: a: trimethyichiorosilane, 2,2 -dimethylpropane- 1,3- 
diol, CH202, relux. b-i: LiAiD4, THF, OoC. b-2: LiA1H4. THF, OC. c: 
Pyridinium dichromate, CH202 relux: d- 1: Horse liver alcohol dehydrogenase, 
NAD, 0.05 M phosphate buffer, pH 8.8, ethanol. d-2: horse liver alcohol 
dehydrogenase, NAD, 0.05M phosphate buffer, pH 8.8, ethanol-d6. e: NaR, 
benzyl chloride, N,N-dimethylformamide, room temperature: f: HC1, MeOH: g: 
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Figure 33. Andibenin-B production in Aspergillus variecolor. 
incorporation of MVA stereospecifically labelled with 2H at C-5 would produce 
information on the stereochemistry of the hydroxylation process. In addition the 
rearrangement of the andilesin-type skeleton to produce anditomin formally 
involves formation of carbocation C-11. Obviously incorporation of the 
appropriately labelled MVA's would provide valuable information on the 
stereochemistry and mechanism of this process. 
A synthesis of (5R) or (5S)-[5- 2H 1 ] MVA was recently developed by 
Harrison30. This route is summarised in Scheme 9. The key step is the use of the 
9-BBN- c-pinene complex to effect the stereospecific reduction of the aldehyde 
(35) to produce the alcohol (36). In the current work this sequence has been 
carried out successfully as far as the acetate (39), whose 'H NMR is shown in 
Figure 32. However the final conversion to MVA failed to give the desired 
product in adequate yield and further work on the synthetic sequence is required. 
An alternative approach 3 ' has been recently developed which used an 
enzymatic reduction step as shown in Scheme 10. This may provide a more 
suitable route to the stereospecifically labelled MVA for future studies. 
4.4 Incorporation Studies 
4.4.1 Andibenin-B and andilesin-A 
Preliminary experiments on a strain of A. variecolor, grown as a surface 
culture on a liquid medium, indicated that good yields of andibenin-B (ca 100 
mg 1 -1 ) were obtainable. 
Before carrying out incorporation studies, the production of andibenin-B 
with time in static cultures of A. variecolor was determined. The growth 
production curve is shown in Figure 33 which indicates the start of maximum rate 
of production about 5 days after inoculation. To check the optimum time of 
addition of labelled substrate to the fermentation, 14C-labelled MVA was fed at a 
98 
Table 4 	Dilutions per labelled site for andibenin-B after incorporation 
of 1 4-14C1-mevalonolactone. 
Day 	 Dilution 	 Dilution/labelled site 
3 	 34 	 102 
4 	 27 	 81 
21.8 	 65.4 
21.1 	 63.3 
PPI1 
Ln 	 Om 
1 - - 
Figure 34. 55 MHz 2H NMR spectra of andibenin-B enriched from (a) 5% 
2H20 (b) [6-2H3] -mevalonolactone and (c) [5-2H2] -mevalonolactone. 
level of 100 mg (9.1 x 10 6  dpm/mmol), to five culture flasks on each of days 3, 4, 
5 and 7 after inoculation. The resultant dilution 32 values are shown in Table 4. 
These indicated that satisfactory incorporation levels were obtainable by feeding 
labelled mevalonate on around day 5 of the fermentation. [6- 2H3]- And [5- 2 1-12 ] 
mevalonates were fed to cultures of A. variecolor as above and the enriched 
andibenin-B was isolated and its 2H NMR spectra determined. These are shown 
in Figure 34 along with the 2H NMR spectrum of andibenin-B produced in a 
medium supplemented with 5% 2H20. This provides a convenient method of 
producing universally labelled metabolite. The 2H NMR spectrum of this provides 
a convenient reference spectrum for comparison with the mevalonate enriched 
samples. As may be seen in Figure 34a only four methyl signals are resolved in 
the 2H NMR spectrum of andibenin-B, these signals appear at chemical shifts of 
1.01, 1.14, 1.35 and 1.43 p.p.m which compares well with the shifts observed in 
the 'H NMR spectrum (1.02, 1.16, 1.35, 1.38 and 1.44 p.p.m for the 9, 13, 10, 15 
and 14 methyls respectively). Presumably the 15-methyl signal though not 
separately resolved lies between the 10- and 14-methyl signals. In addition well 
resolved but broad signals are observed at ca 6.05, 4.84, 4.24 and 2.55 p.p.m 
corresponding to H-2, H-i0,, H-J$and H-7 a respectively. A broad unresolved 
signal at ca 6.9 may be assigned to H-6 and H-l. The remaining hydrogens 
appear as a broad poorly resolved envelope between 1.0 and 2.0 p.p.m. 
The 2H NMR spectrum of andibenin-B enriched from [6- 2113]-mevalonate 
(Figure 34b) signals at 1.15 and 1.42 p.p.m which suggests that the 13 and 14 
methyls have been enriched. Two smaller signals also appear at chemical shifts of 
1.57 and 1.63 p.p.m consistent with labelling of both hydrogens on the 12-
methylene. A signal at 2.17 p.p.m in the spectrum of enriched metabolite 
decreased dramatically on further purification but could not be removed 
completely, and is presumably due 'to an impurity of mevalonate origin. 
Figure 35. Sections of the 100 MHz 13C NMR spectra of andibenin-B 
enriched from [6- 13C, 6-2H31-mevalonic acid alctone (a) with sumultaneous 
11\ iicna the CARPPET Dulse sequence. 
Figure 36. Sections of the 100 MHz 13C NMR spctra of andibenin-B enriched 
from [6- 13C, 6-2H31-mevalonic acid lactone (a) with simultaneous 1 H, 2H noise 
decoupling (b) using the CARPPET pulse sequence. 
Table 5 	Isotopically shifted resonances in the 13C NMR 1 pectru!1 of 
andibenin-B resulting from incorporation of 16- C, 6- H 3 1 
mevalonolactone 
Carbon 	cs(p.p.m) 	 tô (p.p.m) 	 Assignment 
12 	 56.10 	 - 	 -CH2 - 
55.27 	 0.80 	 -CD2 - 
14 	 24.81 	 - -CH 3 
24.27 0.54 -CHD2 
24.01 	 0.80 -CD3 
13 	 24.34 	 - -CH3 
23.80 	 0.54 -CD2H 
23.54 0.80 -CD3 
The spectrum of andibenin-B enriched from [5- 2H2] mevalonate is shown in 
Figure 34c. This shows good incorporation of label into H-2 as anticipated and 
also high incorporation of label in the region corresponding to the 6- and 11-
methylenes. Although the resolution is not sufficient to allow the observation of 
enrichment of the individual hydrogens, the only other signals which come into 
this region are due to the 12-methylene which can be clearly seen to be derived 
from the methyl of mevalonate. Clearly no conclusion can be drawn regarding the 
number of mevalonate-derived hydrogens at C-6 or C- il or the stereochemistry of 
their incorporation at these positions. 
Further useful information has been obtained by the incorporation of [6-
' 3c, 6-2H3]-mevalonate into andibenin-B. The 13C NMR of the resultant 
enriched metabolite has been determined both with simultaneous proton and 
deuterium noise decoupling Figure 35a and 36a, and using the CARPPET pulse 
echo 
sequence 33 . This is a modified spivi D sequence which separates carbons on the 
basis of attached hydrogens so that methyl and methine carbons give rise to 
positive signals, and methylene and quaternary carbons give rise to negative signals 
(Figures 35b and 36b). 
Figure 35a shows that two deuterium atoms have been incorporated 
simultaneously at C-12, as an isotopically shifted signal is apparent (Table 5) 0.83 
p.p.m to low frequency of the C-12 signal. The CARPPET spectrum (Figure 35b) 
confirms that this signal has no attached hydrogens. 
Figure 36b shows isotopically shifted signals corresponding to the 
incorporation of two and three mevalonate derived hydrogens at both C-14 and C-
13 (Table 5). The CARPPET spectra confirm these results. The appearance of the 
CHD2  signals is presumably due to the loss of a small amount of 2H label either 
during the course of the synthesis of the labelled precursor or during biosynthesis. 
However is should be noted as discussed above (section 2.4.2) that the relative size 
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Figure 37. Section of the 90 MHz PND 13C NMR spectrum of andibenin-B 
enriched from {5- 13C, 4-2H-21 mevalonic acid lactone. 
of the CHD2 and CD3 signals is misleading due to the loss of nOe and possible 
extended relaxation times in the fully 2H labelled species 2H labelled species. 
These results provide some information on the mechanism of the formation 
of the spiro-6 -lactone ring system in andibenin-B. From 13C and 180 results the 
alternative pathways shown in scheme 4 above were proposed. All three 
hydrogens at C-6 of mevalonolactone are retained at C-14 of andibenin-B. 
Consistent with previous results from incorporation of [ 13 C2]-acetate 5 there is no 
randomisation of label between C-14 and C-15 so that the stereochemical integrity 
of the gem-dimethyl groups is retained throughout the biosynthetic pathway. 
As indicated in Scheme 4, the crucial rearrangement to generate the Spiro 
ring system is proposed to occur on a ring opened intermediate derived from an 
intermediate with y-lactone. This generates a carbocation at C-10 which could be 
quenched by proton loss from C-9 (path a) or by capture by the carboxyl group 
(path b). An alternative route would be by loss of a proton from C-13 to generate 
an intermediate with an exocyclic double bond (Scheme 11), followed by 
epoxidation and reductive ring opening of the epoxide to generate the 10-hydroxyl 
group. cf path a in Scheme 4. However, the retention of all three mevalonate 
derived hydrogens at C-13 rules out this possibility. 
The alternative pathways in Scheme 4 can be distinguished as path a 
necessitates loss of the hydrogen at C-9 in formation of the 9-10 double bond 
whereas path b would permit retention of this mevalonate -derived hydrogen in 
andibenin-B. In order to test this, [5- 13C, 4-2H2]-mevalonate was incorporated 
by A. variecolor and the 13C NMR spectrum of the resultant andibenin-B 
determined. This spectrum showed (Figure 37) an isotopically shifted signal on 
the carbon at 28.9 p.p.m. This has been assigned to C-li and so the observation 
of an isotopically shifted signal at this position can only be due to the 
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Figure 38. 55 MHz 2H NMR spectra of andilesin-A enriched from (a) 5% 
2H2() and (b) [5-2H21-mevalonic acid lactone. 
simultaneous incorporation of 13C at C- il and 2H at C-9, thus path a can be 
ruled out and so this result provides strong evidence for path b. 
The incorporation of [4- 13C, 5- 2H2] mevalonate was attempted in order to 
obtain more definitive evidence for the origin of the hydrogens at C-6 and C-Il. 
However, despite obtaining good production of andibenin-B, no incorporation of 
label from the precursor was apparent in either the 13C or 2H NMR spectra of the 
isolated metabolite. 
The andilesin-A produced in all of the above incorporation experiments was 
isolated. However only the experiment with [5-2H2]- mevalonate gave an 
observable incorporation of label into andilesin-A. The 2H NMR spectrum is 
shown in Figure 38b where it is compared with the spectrum of andiiesin-A 
derived from the 2H20 supplemented fermentation (Figure 38 'a). The [5-2H2]-
mevalonate-enriched andilesin-A showed good incorporation at 5 positions, with 
chemical shifts of 5.9, 1.80, 1.77, 1.51 and 1.13 p.p.m. These correspond well to 
the chemical shifts (Table 2) of H-2, H-6 a, H- Il a, H-6 a and H- li 
respectively to indicate the mevalonate origin of all these hydrogens. 
Other signals were observed between 3.5 and 4.5 p.p.m. These decreased in 
relative intensity on successive TLC purification but the limited amount of sample 
available precluded exhaustive further purification to remove these signals 
completely. They appear to correspond to H-5 of mevalonic acid and the 
corresponding lactone. 
In order to obtain more information on andilesin-A, it will be necessary to 
obtain conditions which give higher and more reliable yields of the metabolite 
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The incorporation of labelled mevalonate into anditomin was attempted. 
However preliminary studies failed to indicate any significant incorporation of 
label had occurred. Further studies are required to optimise the conditions 
required to obtain satisfactory levels of mevalonate incorporation. 
4.4.3 Austin 
Austin is clearly biosynthetically related to andibenin-B and previous 
studies 18  have shown that it is formed from the same key intermediate derived by 
alkylation of dimethylorsellinate by farnesyl pyrophosphate. As indicated in 
Scheme 3, epoxidation of this intermediate followed by cyclisation could generate 
a tetracyclic intermediate (16), which on further oxidative elaboration would be 
converted to austin' . 
An interesting possibility is that the tetracyclic intermediate (16) is not 
formed directly from cyclisation of the epoxide (41) but is formed via the same 
b.icyclofarnesyl intermediate (9) involved in andibenin biosynthesis( Scheme 12 ). 
If this is the case, then the 12-methyl group could only retain two mevalonate-
derived hydrogens, whereas the concerted pathway (Scheme 3) would result in 
retention of all three mevalonate hydrogens at this position. 
In addition, austin has a similar spiro-5 -lactone ring system, similar to that 
found in andibenin-B, which is presumably formed by an analogous mechanism. 
In order to obtain information on these two aspects of austin biosynthesis, 
the incorporation of [6- 13C, 6-2H31-mevalonate into austin has been studied. 
The growth-production characteristics and the optimum time for 
incorporation of labelled precursors into austin by cultures of Aspergillus ustus had 
been previously determined 34. Accordingly, [6- 13C, 6- 2H3 1- mevalonate was fed 
5 days after inoculation and the resultant enriched austin isolated and its 1 H, 2H 
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Figure 39. 100 MHz 13C NMR spectrum of austin enriched from [6- 13C, 6- 
2H31-mevalonic acid lactone determined under simultaneous 1 H and 2H noise 
decoupling. 
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noise decoupled 13C NMR spectrum determined. This showed (Figure 39), 
isotopically shifted signals corresponding to the incorporation of two and mainly 
three deuteriums into the 12-, 13-, and 14-methyls. 
The results for the 12-methyl exclude the possibility of the cyclic 
intermediate (42) in austin biosynthesis. In agreement with the results for 
andibenin-B, both the 13- and 14-methyls retain all the mevalonate hydrogens. 
However it is not possible to say whether the 9, 10-double bond in austin is 
formed by loss of a proton from the carbocation resulting from the rearrangement 
to form the spiro-ring system, or whether a similar mechanism to that 
demonstrated for andibenin-B is involved and double bond formation occurs by an 
elimination process. A number of metabolites structurally related to austin have 
been isolated35 , but none with a 10-hydroxyl group are known. Studies with 
andibenin-B, have shown that the elimination reaction to form the 9, 10-double 
bond does occur readily in vitro 4 . 
4.5 Conclusion 
The object of the above studies was to prepare specifically 2H-labelled 
mevalonates and to study their incorporation into the meroterpenoid metabolites in 
order to obtain information on the mechanisms of conversion of the farnesyl-
derived moieties found in these metabolites. 
A reasonable degree of success has been achieved in meeting this long term 
objective. However, further work is clearly required, particularly in the case of 
anditomin and also in studying the incorporation of stereospecifically labelled 
mevalonate into these metabolites. 
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4.6 Experimental 
General procedures and instrumentations are given in section 2.6. 
Reaction of 3-hydroxy-3-methyle-pentane-1,5-dioic acid (21) with acetic 
anhydride 
A mixture of 3-hydroxy-3-methyl-pentane-1,5-diojc acid (21) (5.0 g, 0.03 
mol) and acetic anhydride (22.6 ml; 0.24 mol) was stirred for 24 hours at room 
temperature. The suspension had turned into a clear solution. The excess of 
acetic anhydride was removed under high vacuum to give an off white solid which 
was recrystallised from diethyl ether-light-petroleum (b.p. 30-40°C) to give 3-
hydroxy-3- methyl -pentane-1,5-djojc anhydride (22) as needles (3.8 g, 85.6% 
yield), m.p 102-104°C. 
fi(2H6acetone); 4.67 (114, br s, OH), 3.06, 2.98, 2,90 and 2.80 (4H, m, AABB, 
CH2 ), 1.44 (3H, s, CH 3 ). 
Mevalonic acid lactone (23) 
3-Hydroxy-3-methyl-pentane- 1,5- dioic-anhydride (22) (0.4 g; 2.77 mmol) 
was dissolved in propan-2-ol (10 ml) and added dropwise to a suspension of 
sodium borohydride (02.6 g; 6.92 mmol) in propan-2-ol (10 ml) which had been 
stirred for 30 minutes. The mixture was then stirred for 24 hours at 4°C and the 
solvent was removed under reduced pressure. The resulting solid was dissolved in 
water (10 ml) and acidified to pH 2, under ice cooling, using 2M HC1. The 
solution was stirred for 24 hours then continuously extracted with diethyl ether for 
72 hours. The diethyl ether extract was dried over anhydrous MgSO 4 and 
concentrated under reduced pressure. The residue was dissolved in chloroform and 
filtered and concentrated under reduced pressure to give an oil. Flash column 
chromatography using methanol: chloroform (5:95) as eluent gave pure mevalonic 
acid lactone (260 mg; 72% yield). 
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' H (CDCI3 ); 5.2 (IH, br s, OH), 4.4 (2H, m, OCH 2 CH2), 2.56 (2H, m, CH2 
C=O), 1.92 (2H, m, CH 2 COH), 1.36 (3H, s, CH3 ). 
I5- 2H21-Mevalonic acid lactone 
3-Hhydroxy-3-methyl pentane-1,5-dioic anhydride (22) 7.0 g was dissolved 
in propan-2-ol (100 ml) and the solution was added drop wise to sodium 
borodeuteride (4.0 g) suspended in 50 ml of propan-2-ol and cooled in ice bath. 
The reaction mixture was stirred overnight at room temperature. After removal of 
the solvent, water (100 ml) was added and the mixture was acidified to pH 2 in an 
icebath. The solution was extracted continuously with diethyl ether for 3 days. 
The extract was filtered and dried over magnesium sulphate and the solvent 
removed on rotary evaporator to give 5.8 g of [5-2112]-mevalonic acid lactone 
which was purified on flash column to give 5.2 g of pure lactone. 
H (CDC1 3); 3.8 (111, br s, OH), 2.58 (2H, d, J 2.8 Hz, CH2C=O), 1.86 (2H, m, 
CH2 COH), 1.36 (3H, s, CH 3 ). 
n-Butyl I1 -14C1-acetate 
Sodium [1- 14C]-acetate (50 g, 60.97 mmol; specific activity 9.102 x 10 6 
dpm/mmol) was mixed with 25 ml of n-butyl phosphate. The mixture was heated 
under reflux for 1 hour in an oil bath at 180-200°C. The viscous mixture was 
cooled at room temperature. The upper end of the reflux condenser was sealed 
through a liquid nitrogen cooled trap to a vacuum line, and the product ester was 
distilled into the cold trap by heating for 3 hours to 120-160°C at 0.1 mm Hg 
pressure while cold water was kept running in the vertical reflux condenser. n-
Butyl acetate, 6.7 g (9% yield) was obtained. 
[4- 14C]-4-Hydroxy-4-methyl-hepta- 1 ,6-diene 
A mixture of n-butyl [2 4C]-acetate (6.7 g, 56.7 mmol) and allyl bromide 
(20.58 g, 0.17 mol) in a mixture of dry ether and T.H.F. (100 ml; 70:30) was added 
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during 20 minutes with vigorous stirring to dry magnesium turnings (14 g, 0.58 
mol) in diethyl ether (50 ml). After being heated under reflux for 2 hours, water 
(30 ml) was added followed by 6M H2SO4 (100 ml) with ice cooling. The solution 
was extracted with diethyl ether (3 x 80 ml) and the extract washed with saturated 
sodium hydrogen carbonate solution (50 ml) and dried over anhydrous MgSO 4 . 
Concentration under reduced pressure gave the hydroxy-diene. The crude product 
distilled at water pump pressure to give the pure hydroxy-diene (6.1 g; 84% yield). 
13 -14 CJ-3-Hydroxy-3-methyl-pentan-1,5_diojc acid 
The hydroxy-diene dissolved in dichloromethane: acetic acid (20:1; 100 ml) 
and cooled to -78°C. Ozone was then passed through the solution until a 
permanent blue colour persisted. The solution was then allowed to warm to room 
temperature and the solvent was removed under reduced pressure to give a 
colourless oil. The oil was dissolved in acetic acid-hydrogen peroxide (100%) (80 
ml; 50:30) and heated under reflux for 24 hours. On removal of the solvent the 
diacid remained as an oil which slowly solidified to 7.8 g of the diacid; (100% 
yield). 
13- 14C1-3-Hydroxy-3-methylpentan_ 1,5-dioic anhydride 
A mixture of [3- 14C]-3-methyl 3-hydroxy-pentan-1,5-dioic acid (7.8 g; 
47.5 mmol) and acetic anhydride (29.1 g, 0.28 mol) was stirred for 24 hours at 
room temperature. The suspension had turned into a clear solution. the excess of 
acetic anhydride was removed under high vacuum to give an off white solid which 
was recrystallised from diethyl ether-light petroleum (b.p 30-40°C) to give [3- 
3-hydroxy- 3methyl pentan- 1 ,5-dioic anhydrid(5 .0 g; 72% yield). 
1 4-14 C1-mevalonic acid lactone 
[3- 14C]-3-hydroxy-3-methyl pentan-1,5 dioic anhydride (5.0 g; 34.2 mmol) 
was dissolved in propan-2-ol (40 ml) and added drop wise to a suspension of 
sodium borohydride (3.2 g, 85.5 mmol) in propan-2-ol (40 ml) which had been 
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ml; 100:60) and heated under reflux for 24 hours. On removal of the solvent the 
diacid remained as an oil which slowly solidified to yield 19.3 g (92%) of the 
diacid. 
oH (2H6-acetone); 8.5 (3H, br s, OH), 2.7 (4H, s, CH 2). 
3- Hydroxy-3-Imethyl- 2H3]_pentan_ 1 ,5-dioic anhydride 
A mixture of 3-Hydroxy-3-[methyl- 2H3]_pentan_1,5_djojc acid (12.0 g; 72.7 
mmol) and acetic anhydride (41 ml, 0.44 mol) was stirred for 24 hours at room 
temperature after which the suspension had turned into a clear solution. The 
excess of acetic anhydride was removed under high vacuum to give an off white 
solid which was recrystallised from diethyl ether-light petroleum (b.p 30-40°C) to 
give 3-hydroxy-3-[methyl- 2H3 ]....pentan_ 1 ,5-dioic anhydride (7.5 g; 70%). 
6H (2H6-acetone); 4.67 (IH, br s, OH), 3.06, 2.98, 2.90 and 2.80 (4H, m, AABB, 
CH2 ) 
[6- 2H31-M1valonjc acid lactone 
3- Hydroxy- 3-[methyl- 2H3]_pentan...1,5_djojc anhydride (7.5 g; 51 mmol) 
was dissolved in propan-2-oI (100 ml) and added dropwise to a suspension of 
sodium borohydride (4.82 g; 0.127 mol) in propan-2-ol (100 ml) which had been 
stirred for 30 minutes. The mixture was then stirred for 24 hours at 4°C and the 
solvent was removed under reduced pressure. The resulting solid was dissolved in 
water (150 ml) and acidified to pH 2 under ice cooling using 2M HC1. The 
solution was stirred for 24 hours then continuously extracted with diethyl ether for 
72 hours. The diethyl ether extract was dried over anhydrous MgSO 4 and 
concentrated under reduced pressure. the residue was dissolved in chloroform and 
filtered and concentrated under reduced pressure to give [6- 2H3 ]-mevalonic acid 
lactone as viscous oil (5.2 g, 77%). 
ME 
& (CDCl); 5.2 (IH, br s, OH), 4.4 (2H, m, OCH 2 CH2), 2.56 (2H, m, CH2 
C=O), 1.92 (2H, m, CHCOH) 
4-Hydroxy-4-Imethyl 13C, methyrH 3 I-he pta-i ,6-diene 
A mixture of n-butyl [2- 13  C, 2H3 ] acetate (1.4 g, 11.6 mmol) and allyl 
bromide (3.5 g, 30 mmol) in a mixture of dry ether and T.H.F. (3:7; 50 ml) was 
added during 20 minutes with vigorous stirring to dry magnesium turnings (3 g) in 
diethyl ether (20 ml). After being heated under reflux for 2 hours, water (20 ml) 
was added followed by 6M H 2SO4 (50 ml) with ice cooling. The solution was 
extracted with diethyl ether (4 x 50 ml) and the extract washed with saturated 
sodium hydrogen carbonate solution (50 ml) and dried over anhydrous MgSO 4 . 
Concentration under reduced pressure gave the hydroxy-diene as an oil. The 
crude product distilled at water pump pressure to give the pure hydroxy diene (1.3 
g, 87% yield). 
6 (CDC1 3 ); 2.2 (4H, m, CH2), 5.04-5.14 (4H, m, = CH2), 5.9 (2H, m, = CH). 
3-Hydroxy-3-[methyl- 13C, methyl2H 3  J-pentan- 1 ,5-dioic acid 
The hydroxy-diene (1.3 g) was dissolved in dichioromethane: acetic acid (5 
ml) and cooled to -78°C. Ozone was then passed through the solution until a 
permanent blue colour persisted. The solution was then allowed to warm to room 
temperature and the solvent was removed under reduced pressure to give a 
colourless oil. the oil was dissolved in acetic acid-hydrogen peroxide (100%) 
(12:10 ml) and heated under reflux for 24 hours. On removal of the solvent the 
diacid remained as an oil which slowly solidified to give 1.6 g (100 yield). 
6  (2H6-acetone); 2.68 (4H, CH 2 ), 8.5 (311, br s, OH). 
3- Hydroxy- 3 -Imethyl- 1 3C, methyl _H3 1-pentan -1 ,5-dioic anhydride 
A mixture of 3-hydroxy-3-[methyl_ 13c, 2H3]-pentan-1,5-djoic acid (1.6, 
9.6 mmol) and acetic anhydride (7 ml) was stirred for 24 hours at room 
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temperature. The suspension had turned into a clear solution. The excess of 
acetic anhydride was removed under high vacuum to give an off white solid which 
was recrystallised from diethyl ether-light petroleum (b.p 30-40°C) to give 3-
hydroxy.-3-[methyl- 13C, methyl- 2H31-pentan-1,5-djojc anhydride (1 g, 71% yield). 
H (2H6-acetone); 3.09 (4H, m, CH 2), 4.55 (IH, br s, OH). 
16- 13C, 6- 2H3 1-Mevalonic acid lactone 
3 -Hydroxy- 3-[n2elhy/J 3C, met hyl- 2H3 ]-pentan- 1 ,5-dioic anhydride (1 g, 
6.7 mmol) was dissolved in propan-2-ol (5 ml) and added dropwise to a suspension 
of sodiumborohydride (0.65 g) in propan-2-ol (5 ml) which had been stirred for 
30 minutes. the mixture was then stirred for 24 hours at 4°C and the solvent was 
removed under reduced pressure. The resulting solid was dissolved in water (10 
ml) and acidified to pH 2 under ice cooling using 2M HC1. the solution was 
stirred for 24 hours then continuously extracted with diethyl ether for 72 hours. 
The diethyl ether extract was dried over anhydrous MgSO 4 and concentrated under 
reduced pressure. the residue was dissolved in chloroform and filtered and 
concentrated under reduced pressure to give 3-[methyl- 13C, niethyr 2H3 1-
mevalonic acid lactone as viscous oil (0.82, 90% yield). 
6H  (CDC1 3); 1.92 (2H, m, CH2COH), 2.56 (2H, m, CH2C=O), 4.4 (2H, m, 
CH20), 5.2 (1 H, br S, OH). 
Acetoacetaldehyde dimethyl acetal (24) 35  
A mixture of anhydrous ethyl formate (7.6 g; 0.103 mol) and acetone (5.0 g) 
in anhydrous ether (20 ml) was added dropwise to a stirred suspension of sodium 
methoxide (4.7 g; 86 mmol) in anhydrous ether (50 ml) under nitrogen. The 
reaction mixture was refluxed for 1 hour then cooled, and the ether was carefully 
evaporated at aspirator pressure without stirring. Methanol (20.6 ml; 0.515 mol) 
was added to the solid residue and the suspension was stirred for 3 minutes before 
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addition of (13.7 ml; 174 mmol) of methanolic hydrogen chloride (12.7M). After 
an additional 2 hours at room temperature the pH was adjusted to 8 by addition of 
saturated methanolic potassium hydroxide, ether was added and the mixture was 
filtered. The filtrate was concentrated on a rotary evaporator and the residue was 
redissolved in ether and once again filtered and evaporated. Care was taken to 
avoid loss of product by prolonged evaporation. The flask containing the residue 
was connected to a short-path condenser and immersed in liquid nitrogen while 
the system was evacuated. The receiver was cooled in liquid nitrogen and the 
residue was allowed to warm to room temperature. After 45 minutes the distillate 
was dissolved in ether and the solution was dried over anhydrous sodium sulphate 
and 4A° molecular sieves (to remove any residual methanol). Filtration and careful 
evaporation yielded 4.8 g (43% yield) of acetoacetaldehyde dimethyl acetal (24). 
H (CDCI3 ); 4.64 (1H, t, J 5.6 Hz, CH), 3.21 (6H, s, OCH 3 ), 2.59 (2H, d, J 5.6 
Hz), 2.03 (3H, s, CH3 ). 
Ethyl 3-hydroxy-3-methyl-5,5-dimethoxypentanoate (25) 
20 Ml of dry tetrahydrofuran containing (0.68 g, 6.70 mmol) of diisopropyl 
amine was charged into a 100 ml three-neck flask equipped with a rubber septum 
fitted with dry nitrogen. The reaction flask was cooled to -78°C before addition 
of 4 ml (6.4 mmol) of 1.6 M n-butyl lithium. After 10 minutes at -78°C the ether 
solution of ethyl acetate (0.55 g, 6.3 mmol) was added dropwise. The reaction 
mixture was stirred on additional 15 minutes at -78°C, and (0.83 g, 6.3 mmol) of 
acetoacetaldehyde dimethyl acetal in 1.5 ml of tetrahydrofuran was added. After 
25 minutes 10 ml of saturated aqueous ammonium chloride was added and the 
mixture was allowed to warm to room temperature. The tetrahydrofuran was 
evaporated and the residual mixture was extracted with ether. The ether extract 
was dried over anhydrous sodium sulphate and concentrated under reduced 
pressure to yield 1.17 g (85%) of (25). 
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6 H 9CDC13); 4.63 (IH, t, J 5.5 Hz, CH (OCH 3 )2 , 4.15 (2H, q, J 7 Hz, CH 2 
CH3 ), 3.90 (1 H, br s, OH), 3.33 (3H, s,OCH3 ), 3.30 (3H, s, OCH3 ), 2.48 (2H, d, J 
1.3 Hz, CH2 CO2), 1.88 (2H, d, J 5.5 Hz, CH2 CH), 1.32 (3H, s, CH 3 ), 1.26 (3H, 
t, J 7 Hz, CH2 CH3 ). 
3-Methyl-5,5-dimethoxypentane- 1,3-diol (26) 
A solution of 0.58 g (2.63 mmol) of (25) in tetrahydrofuran (2 ml) was 
added to a stirred suspension of 0.2 g (5.26 mmol) of lithium aluminium hydride 
in tetrahydrofuran (10 ml) under nitrogen. After 1 hour at room temperature the 
reaction mixture was refluxed for 1 hour and then cooled, where upon 0.2 ml of 
water, 0.2 ml of 15% sodium hydroxide, and 0.6 ml of water were added in 
succession. The granular precipitate was removed by filtration and the filtrate was 
concentrated under reduced pressure to yield 0.46 g (99%) of the diol. 
H (CDCI 3); 4.69 (IH, t, J 5.5 Hz, CH (OCH 3 )2, 4.0-3.45 (4H, m, CH2 OH, 
OH), 3.37 (3H, s, OCH3 ), 3.34 (3H, SOCH 3 ), 1.82 (d, J 5.5 Hz, CH2 CH), 1.78 
(m, CH2 CH2 OH) (total 4H), 1.27 (3H, s, CH 3 ). 
3-Methyl-5,5-dimethoxy pentane- 1,3- diol -  1-acetate (27) 
The diol (26) (0.463 g, 2.60 mmol) was stirred overnight at 4°C under 
nitrogen in a mixture of 10 ml of dry pyridine and 10 ml of aceticanhydride. the 
reaction mixture was concentrated at 0.1 mm (room temperature) to yield 0.57 g 
(100%) of (27). 
6H (CDC1 3 ); 4.6 (IH, t, J 5.5 Hz, CH (OCH3 )2, 3.6 (IH, br s, OH), 3.27 (3H, s, 
CH3 ), 3.26 (3H, s, OCH3 ), 1.94 (3H, s, CH3 CO), 1.84 (t, J 7 Hz, CH 2 CH20), 
1.82 (d, J 5.5 Hz, CH2 OH) (total 4H), 1.24 (3H, s, CH3 ). 
Mevalonolactone (28) 
3-Methyl-5,5-dimethoxy pentane- 1,3-diol-1-acetate (0.57 g) was refluxed 
for 1 hour in a mixture of 1.2 ml of formic acid, 0.6 ml of 30% hydrogen 
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peroxide, and 1.2 ml of 1% aqueous sulphuric acid. the reaction mixture was 
cooled to room temperature and 60 mg of anhydrous potassium carbonate was 
added. Following evaporation of the solvent the residue was dissolved in 
chloroform and filtered to yield the lactone which was purified by thin layer 
chromatography using methanol: chloroform (4:95) as eluent to yield 0.2 g (72%). 
H (CDC13 ): 5.2 (1H, br, 5, OH), 4.4 (2H, m, OCH2 CH2), 2.56 (2H, m, CH2 C 
= 0), 1.92 (2H, m, CH 2 COH), 1.36 (3H, s, CH 3 ). 
Ethyl E2- 2H21-3-Hydroxy-3-methyl-5,5-dimethoxypentanoate 
20 ml of dry tetrahydrofuran containing (0.68 g, 6.7 mmol) of 
diisopropylamine was charged into a 100 ml three-neck flask equipped with a 
rubber septum fitted with dry nitrogen. The reaction flask was cooled to -78°C 
before addition of 4 ml (6.4 mmol) of 1.6 M n-butyl lithium. After 10 minutes at 
-78°C the ether solution of ethyl [2- 2H3]-acetate (0.57 g, 6.3 mmol) was added 
dropwise. The mixture was stirred an additional 15 minutes at -78°C, and (0.88 g, 
6.3 mmol) of acetoacetaldehyde dimethyl acetal in 1.5 ml of tetrahydrofuran was 
added. After 25 minutes 10 ml of saturated aqueous ammonium chloride was 
added and the mixture was allowed to warm to room temperature. The 
tetrahydrofuran was evaporated and the residual mixture was extracted with ether. 
The ether extract was dried over anhydrous sodium sulphate and concentrated 
under reduced pressure to yield 1.1 g of ethyl [2- 2H2]-3-hydroxy-3-methyl-5,5-
dimethoxy- pentanoate. 
H (CDC1 3); 4.60 011, t, J 5.6 Hz, CH (OCH3 )2), 4.12 (2H, q, J 7.1 Hz, CH2 
CH3 ), 3.47 (IH, s, OH), 3.31 (3H, s, OCH 3 ), 3.30 (3H, s, OCH3 ), 1.87 (2H, d, J 
5.5 Hz, CH2 CH), 1.25 (3H, t, J 7.1 Hz, CH 2 CH3 ), 1.24 (3H, s, CH 3 ). 
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12- 2H2 1-3-methyl-5,5-dimethoxypentan_ I ,3-diol 
A solution of 0.6 g (2.6 mmol) of ethyl [2- 2H]-3-hydroxy-3-methyl_5,5_ 
dime thoxypentanoate in tetrahydrofuran (2 ml) was added to a stirred suspension 
of 0.2 g (5.26 mmoi) of lithium aluminium hydride in tetrahydrofuran (10 ml) 
under nitrogen. After 1 hour at room temperature the reaction mixture was 
refluxed for 1 hour and then cooled, whereupon 0.2 ml of water, 0.2 ml of 15% 
sodium hydroxide, and 0.6 ml of water wee added in succession. The granular 
precipitate was removed by filtration and the filtrate was concentrated under 
reduced pressure to yield 0.4 g of the diol. 
H (CDCI3 ); 4.65 (1H, dd, J 5.0 Hz, CH (OCH3 )2). 3.82 (3H, br s, CH 2 OH), 
3.37 (3H, s, OCH3 ), 3.35 (3H, s, OCH3 ), 3.20 (IH, brs, OH), 1.82 (2H, m, CH 2 
CH), 1.26 (3H, s, CH 3 ). 
12- 2H21-3-Methyl-5,5 dimethoxy-pentane- 1 ,3-diol-1 -acetate 
The diol (0.4 g) was stirred overnight at 4°C under nitrogen in a mixture of 
10 ml of dry pyridine and 10 ml of acetic anhydride. The reaction mixture was 
concentrated at 0.1 mm (room temperature) to yield 0.46 g of the acetate. 
6H (CDC1 3); 4.65 (IH, br, s, 0i-), 4.58 (1H, t, CH (OCH 3 ) 4.12 (2H, br, s, 
CH2 0), 3.28 (3H, s, OCH 3 ), 3.26 (3H, s, OCH3 ), 1.95 (3H, s, OCO CH3), 1.72 
(2H, d, J 6 Hz, CH 2 CH), 1.14 (3H, s, CH3). 
14- 2H2 1-Mevalonic acid lactone 
[2- 2H2]-3-methyl-5,5-dimethoxypentane.... 1,3 diol- 1-acetate (0.46 g) was 
refluxed for 1 hour in a mixture of 1.0 ml of formic acid, 0.5 ml of 30% hydrogen 
peroxide, and 1.0 ml of 1% aqueous sulphuric acid. The reaction mixture was 
cooled to room temperature and 50 mg of anhydrous potassium carbonate was 
added. Following evaporation of the solvent the residue was dissolved in 
chloroform and filtered to yield the lactone which was purified by preparative thin 
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layer chromatography using methanol: chloroform (4.96) as eluent to yield 0.2 g of 
the lactone. 
H (CDC1 3 ); 4.63, 4.49, 4.34, 4.20 (2H, m, AB system, CH 20), 3.24 (1H, br, s, 
OH), 2.53 (2H, d, J 3.8 Hz, CH2C=O), 1.24 (3H, s, CH 3 ). 
n-Butyl 12 -13C1-acetate (36) 
Sodium [2- 13C]-acetate (90% 13C) (1.2 g, 14.5 mmol) was mixed with 25 ml 
of n-butyl phosphate. The mixture was heated under reflux for 1 hour in an oil 
bath at 180-200°C. The viscous mixture was cooled at room. The upper end of 
the reflux condenser was sealed through a liquid nitrogen cooled trap to a vacuum 
line, and the product ester was distilled into the cold trap by heating the pot 3 
hours to 120-160°C at ol mm while cold water was kept running in the vertical 
reflux condenser. n-Butyl [2- 13C]-acetate, 1.4 g (90% yield) was obtained. 
n-Butyl [1- 13  CI-3-hydroxy-3-methyl-5,5-dimethoxypentarioate 
A 500 ml three-neck flask equipped with a rubber septum was kept under 
nitrogen and charged with tetrahydrofuran (40 ml) containing diisopropylamine 
(1.19 g, 11.7 mmol) and the solution was cooled -78°C before addition of 1.6 M of 
n-butyl lithium (7.3 ml, 11.7 mmol). After 10 minutes at -78°C the solution was 
cooled to -90°C and the ether solution of n-butyl [1- 13C] acetate (1.49, 11.7 
mrnol) was added dropwise. The reaction mixture was stirred an additional 15 
minutes at -90°C, then warmed to -78°C and acetoacetaldehyde dimethyl acetal 
(1.55 g, 11.7 mmol) in tetrahydrofuran (3 ml) was added. After 25 minutes 
saturated aqueous ammonium chloride (20 ml) was added and the mixture was 
allowed to warm to room temperature. The tetrahydrofuran was evaporated and 
the residual mixture was extracted with ether. The ether extracts were shaken 
with saturated sodium chloride, dried over anhydrous sodium sulphate, and 
concentrated under reduced pressure to yield 2.716 (92%) of the ester. 
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6H (CDCI 3 ); 4.69 (IH, t, J 5.5 Hz, CH), 4.10 (2H, t, J 6.5 Hz, OCH2), 3.33 (3H, 
s, OCH3 ), 3.32 (3H, s, OCH3 ), 3.32 and 1.71 centred at 2.56 (2H, dd, J 130 Hz, J 
1.5 Hz, 13CH2), 1.87 (2H, dd, J 3 Hz, J 6 Hz, CH CH2), 1.65-1.35 (4H, m, CH2 
CH2 CH3 ), 1.28 (3H, d, J 4.2 Hz, CH 3 COH), 0.96 (3H, d, J 6.2 Hz, CH 2 CH3 ). 
12- 13C, 1 - 2H21-3-Methyl-5,5-dimethoxy-pentan_ 1 ,3-diol 
A solution of n-butyl [1- 13C,  2-2H21- 3-hydroxy-3 -methyl-5,5 dimethoxy-
pentanoate (2.7 g, 10.75 mmol) in 10 ml of tetrahydrofuran was added to a stirred 
suspension of lithium aluminium deuteride (0.82 g, 21.5 mmol) in tetrahydrofuran 
(40 ml) under nitrogen. After 1 hour at room temperature the reaction mixture 
was refluxed for 1 hour and then cooled, whereupon water (0.8 ml), 15% sodium 
hydroxide (0.8 ml), and water (2.4 ml) were added in succession. The granular 
precipitate was removed by filtration and filtrate was concentrated under reduced 
pressure to yield 1.36 g (70%) of the diol. 
6H (CDCI 3 ); 4.65 (1 H, dd, J 5.4 Hz, J 8 Hz, CH), 3.34 (3H, s, OCH 3 ), 3.32 (3H, 
S, OCH3), 1.82 (2H, dd, 3 5.4 Hz, J 3 Hz, CHCH2), 1.6-1.0 (2H, m, 13CH2 ). 
12- 13C, 1-2H21 - 3 - Methyl_5,5_djmethoxy..pefltafl_1,3_djoI_1-acetate 
The diol (1.36 g; 7.5 mmol) was stirred overnight at '4°C under nitrogen in a 
mixture of dry pyridine (20 ml) and acetic anhydride (5 ml). The reaction mixture 
was concentrated at 0.05-1.0 mm (bath temperature 30°C) to yield the diol-acetate 
as an oil (1.65 g). 
14- 3C, 5- 2H2 ]-Mevalonolactone 
[2_1 3C, 1 - 2H2]-3-Methyl_5,5_dimethoxy_pentan_ 1 ,3-diol- 1-acetate (1.65 g) 
was refluxed for 1 hour in a mixture of formic acid (4.0 ml), 30% hydrogen 
peroxide (2.0 ml), and 1% aqueous sulphuric acid (4.0 ml). The reaction mixture 
was cooled to room temperature and anhydrous potassium carbonate (200 mg) was 
added. Following evaporation of the solvent the residue was dissolved in 
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chloroform and filtered. The concentrated filtrate was purified by flash column to 
yield an oil of pure [4- 13C, 5- 2H2]-mevalonolactone (0.7 g, 73%). 
H (CDC13 ); 2.88 OH, br, s, OH), 2.66 and 1.06 centred at 1.86 (2H, d, J 130 
Hz, 13CH2), 2.56 (2H, m, CH2C=O), 1.35 (3H, d, J 4.3 Hz, CH3 ). 
Ethyl acetoacetate ethylene ketal (29) 
Ethyl acetoacetate (65 g; 0499 mol), ethane diol (0 g; 0.805 mol) and p-
toluenesulphonic acid (100 mg) were refluxed in benzene (300 ml) with rapid 
stirring and continuous removal of water via a Dean-Stark trap (24 hours to 
completion). The cooled reaction mixture was washed with 2M aqueous sodium 
carbonate (50 ml), then water (2 x 50 ml), then benzene removed via fractional 
distillation to yield (29) (87 g; 100% yield). 
H (CDCI 3 ); 4.14 (2H, cj, J 7 Hz, CH2 CH3 ), 3.96(4H, S. OCH 2), 2.59 (211, s, 
CH2 CO2 C2H5 ), 1.43 (3H, s, CH 3 ), 1.20 (2H, t, J 7 Hz, CH2 CH3 ). 
3-Oxo-butanol ethylene ketal (30) 
A portion of the crude, undistilled product (29) (37.0 g, 0.21 mol) in dry 
ether (100 ml) was added over 30 minutes to LiAIH 4 (4.97 g) in dry ether (200 ml) 
with vigorous stirring. Reaction mixture then refluxed with stirring for 8 hours. 
The the cooled stirred reaction mixture was added water (5 ml) then 15% aqueous 
NaOH (5 ml) then water (15 ml) in succession. the resulting suspension was 
filtered and the solids washed with hot ether. the combined etheral solution was 
dried and distilled. the alcohol (30) was obtained by distillation at 95-98°C (water 
pump pressure) to give 21.6 g (77% yield). 
6H (CDC1 3 ); 3.88 (4H, s, OCH2), 3.70 (2H, t, J 5.5 Hz), 2.8 (1H, br s, 
exchangeable, OH), 1.86 (2H, t, J 5.5 Hz, CH2 OH), 1.27 (3H, s, CH 3)- 
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1 -Acetoxy-3-oxo-butanee ethylene ketal (31) 
The alcohol (30) (4.5 g) was allowed to stand with a mixture of acetic 
anhydride (4.5 ml) and pyridine (7 ml) at room temperature for two days. 
Methanol (8 ml) was added and stirred for 30 minutes, then the solvent removed at 
room temperature at 0:1 mm to give the pure acetate (31) (5.1 g; 100%). 
1-Acetoxy-butan-3-one (32) 
The acetate (31) (5.1 g) was dissolved in methanol (10 ml) and 0.1M aqueous 
sulphuric acid (10 ml) was added. The mixture was maintained at 25°C. After 24 
hours the reaction mixture was saturated with salt and brine (15 ml). The mixture 
repeatedly extracted with benzene (30 x 50 ml). Benzene removed by distillation 
to yield (32), (3.5 g, 87%). 
SIH NMR (CDC13 ); 	1.9 (3H, s, CH3), 2.08(3H, s, OCOCH3 ), 2.65 (2H, t, CH2 
CH2000CH3 , ), 4.22 (2H, t, CH2 CH2000CH3 ). 
Ethyl 5- acetoxy- 3- hydroxy-3-methylpentanoate (33)36 
20 ml of dry ether containing diisopropylamine (3.08 ml, 22.0 mmol) was 
added via syringe into a 100 ml three-neck flask equipped with a rubber septum 
and kept under nitrogen atmosphere. The flask was cooled to -78°C then a 
solution of n-butyl lithium in hexane (13.75 ml, 22.0 mmol) was injected ovr a 
period of 10 minutes. After stirring for 1 hour, ethyl acetate (2.16 ml, 22.0 mmol) 
slowly added. The solution was stirred for 15 minutes and 1-acetoxy butan-3-one 
(2.7 g, 22.0 mmol) added. After 15 minutes the reaction mixture was treated with 
20% aqueous hydrogen chloride (4.0 ml) and then allowed to warm to room 
temperature. The mixture was diluted with water and extracted with ether. The 
extract was dried over anhydrous magnesium sulphate and the solvent was removed 
to give a light yellow oil (3.6 g) of (33). 
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6H (CDC1 3 ); 4.23 (2H, t, J 4.3 Hz, CH 2 OCO), 4.21 (2h, q, J 7 Hz, CH 2 CH3 ), 
2.47 (2H, d, J 4.8 Hz, CH2 CO2), 2.0 (3H, S. OCO CH 3 ), 1.86 (2H, t, J 6.8 Hz, 
CH2 CHOCO), 1.25 (3ff, t, J 7.0 Hz, CH 2 CH3 ), 1.25 (311, S, CH3 ). 
Mevalonic acid lactone (28) 37  
Ethyl 5-acetoxy-3-hydroxy-3-methylpentanoate (33) (1.5 g) was allowed to 
stand at room temperature for 40 hours with an excess of methanolic N-potassium 
hydroxide solution (35 ml); an equivalent amount of hydrogen chloride in methanol 
was added, the precipitated potassium chloride filtered after chilling and the 
filtrate evaporated. The residue was extracted with chloroform, and the solution 
was filtered and solvent was removed to give 0.8 g of mevalonic acid lactone. 
11 - 2H21-3-Oxo-butanol ethylene ketal (34) 
A portion of the crude, undistilled ketal (29) (37.0 g, 0.21 mol) in dry ether 
(100 ml) was added over 30 minutes to lithium alumium deuteride (5.0 g) in dry 
ether (200 ml) with vigorous stirring. Reaction mixture then refluxed with stirring 
for 8 hours. To the cooled stirred reaction mixture was added water (5 ml) then 
15% aqueous NaOH (5 ml) then water (15 ml) in succession. The resulting 
suspension was filtered and the solids washed with hot ether. The combined 
etheral solution was dried and distilled. The alcohol (34) was obtained by 
distillation at 97°C (water pump pressure) to give 21.0 g (75% yield). 
(CDC1 3 ); 5.2 (IH, br s, OH), 3.8 (4H, s, OCH 2), 1.9 (br s, CH2), 1.1 (3H, S, 
CH3). 
[1- 2H1 1-3-Oxo-butanal ethylene ketal (35)38 
To a mixture of I g (7.6 mmol) of the alcohol (34) and 2.86 g (1.75 
equivalents) of pyridinium dichromate in 20 ml methylene chloride, 800 mg 
freshly activated molecular sieve powder (3A°, aldrich) followed by 1 drip 
anhydrous acetic anhydride were added and stirred magnetically at room 
temperature for 24 hours. The reaction mixture was stirred with celite (ca 1 g) for 
120 
about 20 minutes, filtered and evaporated under reduced pressure. The dark 
brown residue was treated with diethyl ether, filtered through anhydrous MgSO 4 
and evaporated to give pure product of (34) (0.63 g, 63% yield). 
6H (CDCI 3);3.83 (4H, s, OCH 2), 2.53 (2H, br s, CH2 C = 0), 1.25 (3H, s, CH3 ). 
2S[2- 2H1J-1 -Oxo-butanol ethylene ketal (36) 
9-BBN (0.72 g) and THF (15 ml) were placed in a 100 ml three-necked 
round bottom flask connected to dry nitrogen source. (+)- -pinene (0.88 g, 92% 
enantiomeric excess of d-enantiomer) was added and the mixture was gently 
refluxed with magnetic stirring for 2 hours. The aldehyde (35) (0.7 g) was added 
to the cooled solution which was stirred for 10- minutes at room temperature, then 
refluxed for 1 hour. The mixture was cooled to room temperature and 
acetaldehyde (0.1 g) added, and the solution stirred at room temperature for 10 
minutes. THF was then removed in vacuo, at room temperature. Subsequently - 
pinene was removed at 0.15 mm Hg pressure at 40-60°C. The reside was dissolved 
in dry ether (5 ml) and 2-aminoethanol (0.4 ml) added at 0°C with stirring. 
Immediate creamy precipitate allowed to stand at 0°C overnight then filtered off. 
The filtrate dried and distilled to give 0.3 g (42% yield) of the chiral alcohol (36). 
2S[2- 2H11-Acetoxy-3-oxo-butane ethylene ketal (37) 
The S_alcohol (36) (0.3 g), acetic anhydride (0.3 ml) and pyridine (0.5 ml) 
were allowed to stand at room temperature for 2 days. Methanol (0.6 ml) was 
added and stirred for 30 minutes. The solvent removed at room temperature at 0.3 
mm pressure, to give the chiral acetate (37) (0.35 g, 90% yield). 
2S12- 2H11-Acetoxy_butan_3_one (38) 
The acetate 937) (0.35 g) was dissolved in methanol (0.7 ml) and 0.1 M 
aqueous sulphuric acid (1 ml) added. The mixture was maintained at room 
temperature for 36 hours then the reaction mixture was saturated with salt and 
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brine (1 ml). The mixture was repeatedly extracted with benzene. The solvent 
was removed by distillation (N.B. care must be taken since acetoxyketone readily 
eliminates acetic acid) to give 0.3 g of (38). 
4.0 OH, t, J 6 Hz, CH), 3.8 (4H, S. CH 20), 1.9 (2Hd, J 6 Hz, CH2), 1.9 
(3H, S, CH3 ). 
Ethyl- 5S15- 2H1J-acetoxy-3-hydroxy_3_methyl pentanoate (39) 
Dry ether (5 ml) was cooled to -23°C under a nitrogen atmosphere. 
Diisopropyl amine (0.39 ml, 2.8 mmol) was added via syringe followed by a 
solution of n-butyllithium in hexane (1.25 ml, 2.8 mmol) which was injected over 
a period of 5 minutes. After stirring for 30 minutes, the bath temperature was 
reduced to -78°C and dry ethyl acetate (0.27 ml, 2.8 mmol) slowly added. The 
solution was stirred for 10 minutes and solution of (0.3 g) of (38) in (1 ml) diethyl 
ether was added. After 15 minutes the reaction mixture was treated with 20% 
aqueous hydrogen chloride (0.5 ml) and then allowed to warm to room 
temperature. The mixture was diluted with water and extracted with ether. The 
dried and evaporated organic layer yielded light yellow oil (0.45 g) of (39). 
H (CDC1 3); 4.12 (2H, q, J 7 Hz, CH2 CH3 ), 3.62 (1H, t, J 5.5 Hz, CH), 2.45 
(2H, s, CH2CO2), 1.95 (3H, s, OCOCH 3 ), 2.0, 1.87, 1.8, 1.77 (2H, m, AB system, 
CHCH2). 
Production and isolation of andibenin-B and andilesin-A 
Aspergillus variecolor - strain 212 169 (a u.v. induced mutant strain derived 
from NRRL 212) was stored in the dark at 4°C under liquid paraffin on slopes of 
Czapek-dox agar (oxoid CM95 plus 2% oxoid agar No. 3, L13). Cultures for large 
scale inoculations were prepared from these by growth, also on czapek-dox agar, 
in medical flats at 26°C in constant light for 8-10 days. A spore suspension in 
distilled water was subsequently used to inoculate the production medium of malt- 
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extract broth (oxoid malt extract, 3% W/V; oxoid mycological peptone, 0.5% W/V; 
distilled water, to 100%), 100 ml of which was contained in each of the 500 ml 
Erlenmeyer flasks employed. The fungus was allowed to grow for 12 days, in 
constant light, at 26°C. As the growth proceeded the initially white mycelial mat 
developed a dark green pigmentation. 
The flasks were worked up by filtration of the medium from the mycelium. 
The liquor was acidified, with 2N aqueous Hl to pH 2 and extracted with ethyl 
acetate (4 x one-half of liquor volume). The extract was dried over anhydrous 
MgSO4 and the solvent was removed in vacuo to give a dark brown gum, the 
constituents of which were separated by preparative t.1.c. developing with 
chloroform-methanol (96:4). The band at R f = 0.5, due to both andibenin-B and 
andilesin-A, was eluted with chloroform to yield a white solid (Ca: 100 mgl). 
Further t.l.c. developing twice with ethyl acetate-petroleum ether (b.p 40-60°C) 
(50:50). The andibenin-B band is visible under u.v. light. Eluting the whole area 
below the andibenin-B band and above the base line gave andilesin-A. 
Andibenjn-B was isolated as a white crystalline solid (Ca: 70 mg) which was 
recrystallised from methanol to give square prisms m.p. 221-223°C. Andilesin-A 
was isolated as white needles (Ca: 20 mg) which was recrystallised from ethyl 
acetate. Physical and spectral data were in agreement with the authentic samples 
and with published data 3 '4 . 
Production and isolation of austin 
Aspergillus uslus was stored in the dark on czapek-dox liquid medium 
(oxoid CM95) and 2% agar at 4°C. When required a spore suspension in distilled 
water was subsequently used to inoculate the production medium of malt extract 
broth, 100 ml of which was contained in each of the 500 ml Erlenmeyer flasks 
employed. The fungus was allowed to grow for 14 days, in constant light, at 26°C. 
The liquid medium and mycelium were separated by filtration. The filtrate was 
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acidified to pH 2 with 2M hydrochloric acid and extracted with ethyl acetate (4 x 
one-half of liquor volume), dried over anhydrous MgSO 4 and the solvent removed 
in vacuo to give a brown gum, the constituents of which were separated by a 
preparative t.l.c., developing with chloroform-methanol (96:4), and the band 
corresponding to an authentic sample of austin (R f 0.4) was isolated as a white 
crystalline solid. (A repeat of the preparative t.l.c. was usually necessary to Purify 
austin further). Typical yields of austin was (ca 30 mgl 1 ). Austin recrystallised 
from methanol to give white needles. 1 H-N.M.R. spectroscopic data were in 
agreement with published data 17 . 
Production and isolation of anditomin and andilesin-C 
Aspergillus stellatus - strain 60316, was stored in the dark at 4°C under 
liquid paraffin on slopes of czapek-dox agar (oxoid CM95 plus 2% oxoid agar No. 
3, L13). Cultures for large scale inoculation were prepared from these by growth, 
also on czapek-dox agar, in medical flats at 26°C in constant light for 8-10 days. 
A spore suspension in distilled water was subsequently used to inoculate the 
production medium of malt-extract broth (oxoid malt extract, 3% W/V; oxoid 
mycological peptone, 0.5% W/V; distilled water, to 100%), 100 ml of which was 
contained in each of the 500 ml Erlenmeyer flasks employed. The fungus was 
allowed to grow for 14 days, in constant light, at 26°C. 
The flasks were worked up by decantation of the medium from the 
mycelium. The liquor was acidified, with 2N aqueous HC1 to pH 2 and extracted 
with ethyl acetate (4 x one-half of liquor volume), the extract was dried over 
anhydrous MgSO4 and the solvent was removed in vacuo to give a dark brown 
gum, the constituents of which were separated by preparative t.l.c, developing with 
chloroform-methanol (96:4) then double elution with ethyl acetate- petroleum 
ether (60:40). 
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Andilesin-C (middle band) was isolated as a white crystalline solid (35 mg 1 
). 	Anditomin was isolated (lower band Rf 0.3) was isolated as white crystalline 
solid (16 mg 1_i). 'H NMR data of the two compounds were in agreement with 
the authentic samples. 
Incorporation of 16- 13C, 6- 2H31-meva!onolactone into austin 
[6- 13C, 6-2H3]-mevalonolactone (350 mg; 2.6 mmol) was dissolved in 1.3 ml 
(2.6 mmol) of 2N sodium hydroxide. After 5 minutes the solution was diluted to 
10 ml and added under sterile conditions to five-100 ml cultures of Aspergillus 
ustus. After 14 days the culture filtrate was extracted and worked up in the usual 
way to give austin which was recrystallised from methanol to give 9 mg. 
Preparation of universally deuterated austin 
Aspergillus ustus was grown as previously described in five-100 ml cultures. 
5% of the water has been substituted by D 20. The flasks were incubated for 14 
days and austin was isolated and recrystallised in the usual way to give 14 mg. 
Incorporation of 16- 2H3  I- mevalonolactone into andibenin- B and andilesin-A 
[6- 2H3]-mevalonolactone (400 mg) was dissolved in 1.9 ml (3.8 mmol) of 2N 
sodium hydroxide. After 5 minutes the solution was diluted to 10 ml and added 
under sterile conditions to ten 100 ml cultures of Aspergillus variecolor-strain 212 
I 69. After 14 days, the culture filtrate was extracted and worked up in the usual 
way to give andibenin-B and andilesin-A. Recrystallisation of andibenin-B from 
methanol gave 69 mg of andibenin-B. Recrystallisation of andilesin-A from ethyl 
acetate gave 15 mg. 
Incorporation of 15- 2 112 1.mevalonolactone into andibenin-B and andilesin-A 
[5- 2112]-mevalonolactone (300 mg; 2.27 mmol) was dissolved in 1.15 ml (2.3 
mmol) of 2N sodium hydroxide. After 5 minutes the solution was diluted to 10 ml 
and added under sterile conditions to five 100 ml cultures of Aspergillus 
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variecolor -strain 212 I 69. After 14 days the culture filtrate was extracted and 
worked up in the usual way to , give andibenin-B and andilesin-A. 
Recrystallisation of andibenin-B from methanol gave 46 mg of andibenin-B and 
recrystallisation of andilesin-A from ethyl acetate gave 12 mg. 
Incorporation 16- 13C, 6- 2H3 1-mevalonolactone into andibenin-B and andilesin-A 
[6- 13C, 6- 2H3 1 mevalonolactone (350 mg; 2.6 mmol) was dissolved in 1.3 ml 
(2.6 mmol) of 2N sodium hydroxide. After 5 minutes the solution was diluted to 
10 ml and added under sterile conditions to five-100 ml cultures of Aspergillus 
variecolor -strain 212 169. After 14 days, the culture filtrate was extracted and 
worked up in the usual way to give andibenin-B and andilesin-A. 
Recrystallisation of andibenin-B from ethanol gave 23 mg and recrystallisation of 
andilesin-A from ethyl acetate gave 6 mg. 
Preparation of universally deuterated andibenin-B and andilesin-A 
Aspergillus variecolor- strain 212 1 69 was grown in the usual way in ten-
100 ml cultures. 5% of the water has been substituted by D 20. The flasks were 
incubated for 14 days. Andibenin-B (69 mg) and andilesin-A (9 mg) were 
isolated. 
Incorporation of 15- 13C, 4- 2H2 1-mevalonolactone into andibenin-B and 
andilesin-A 
[5- 13C, 4- 2H2]-mevalonolactone (350 mg; 2.6 mmol) was dissolved in 1.3 ml 
(2.6 mmol) of 2N sodium hydroxide. After 5 minutes the solution was diluted to 
10 ml and added under sterile conditions to five-100 ml cultures of Aspergillus 
variecolor. After 14 days the culture filtrate was extracted and worked up in the 
usual way to give 78 mg of andibenin-B and 5 mg of andilesin-A. 
0 
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Incorporation of 	14- 13C, 5- 2H21-mevalonolactone into andibenin-B and 
andilesin-A 
[4- 13C, 5- 2H2 1 mevalonolactone (350 mg; 2.6 mmol) was dissolved in 1.3 
(2.6 mmol) of 2N sodium hydroxide. After 5 minutes the solution was diluted to 
10 ml and added under sterile conditions to five-100 ml cultures of Aspergillus 
variecolor After 14 days the culture filtrate was extracted and worked up in the 
usual way to give andibenin-B (56 mg) and andilesin-A (9 mg). 
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Incorporation of [1 13C, 1802 1 acetate and 1802 gas into aspyrone (1) and asperlactone (2) by cultures of Aspergillus 
melleus and observation of 180  isotope-induced shifts in the 13C n.m.r. spectra of the enriched metabolites establish 
the origins of all the oxygen atoms and suggest a biosynthetic pathway involving epoxide-mediated rearrangement 
and ring closure reactions. 
Aspyrone (1)1 and asperlactone (2)2  are closely related 
metabolites of Aspergillus melleus. Their biosynthesis has 
been extensively studied, 3 and as a result of incorporation 
studies with isotopically labelled acetates and malonate and 
potential advanced intermediates the intermediacy of aro-
matic precursors could be ruled out; a pathway was proposed 
via decarboxylation and Favorski-type rearrangement of a 
linear pentaketide intermediate as shown in Scheme 1. In 
support of this, incorporations of [1,2- 13C2] acetate resulted in 
two-bond 13C-13C  couplings being observed between C-2 and 
C-8 in aspyrone 4 and asperlactone. 2 The stereochemistry of 
(1) and (2) has been established5 and this is consistent with 
their derivation from a common intermediate, e.g. (3), via 
alternative ring openings of the epoxide by the carboxy 
function. In order to obtain evidence for this proposal and to 
obtain information on the nature of intermediates on the 
pathway we have studied the incorporation of [1 13C, 180,1 
acetate and ISO,  gas into aspyrone and asperlactone. 
[1- 13C, 1802]Acetate was fed to cultures of A. melleus and 
the aspyrone and asperlactone isolated from separate experi-
ments were analysed by 13C n.m.r. spectroscopy at 100.6 
MHz. High levels of 13C-enrichment (Ca. 5 atom %) were 
observed at C-2, -4, -6, and -9 but surprisingly no 180 
isotope-induced shifts were apparent indicating that no 
acetate-derived oxygen was incorporated into the metabolites. 
On carrying out a fermentation in the presence of 1802 gast 
the 13C n.m.r. spectrum shown in Figure 1 was obtained for 
aspyrone. The isotope shifts observed (Table 1) for C-5, C-8, 
and C-9 indicated that the epoxide and alcohol oxygens were 
both highly and equally enriched. In addition C-2 shows two 
isotopically shifted signals and C-6 shows one. Within 
t Fermentations were carried out in a closed system under an 
atmosphere composed of N,, ISO,,  and 160 2 (80: 10: 10) for aspyrone 
and (80:6:14) for asperlactone. 
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Figure 1. 'O Isotope shifts in the 100 Mz 'C n.m.r. spectrum of 
1802-enriched aspyrone (1). 
experimental error, the intensities of these signals are 
essentially equal to one another but are half those observed at 
C-5, C-8, and C-9. The most reasonable interpretation of 
these results is that one oxygen-18 atom has been introduced 
from the atmosphere onto C-2 and that this labelled atom has 
been incorporated equally into both the carbonyl and ether 
oxygens of the lactone moiety. Thus three of the oxygen atoms 
in aspyrone appear to be derived from the atmosphere and so 
the remaining oxygen on C-2 must be derived from the 
medium. Asperlactone, produced in the presence of 1802 gast 
in a separate experiment, gave essentially identical results. 
To account for these results the pathway shown in Scheme 2 
is proposed. Rearrangement of the epoxide (5) formed from 
the trienone (4), itself derived from a pentaketide precursor 
by reduction, dehydration, and decarboxylation reactions, 
would generate the aldehyde (6). This could then be converted 
into the key epoxycarboxylic acid intermediate (3) via further 
epoxidation and NAD mediated oxidation of the aldehyde as 
indicated. Ring closure to either end of the epoxide moiety 
would then generate aspyrone or asperlactone with the 
observed positions and levels of oxygen-18 labelling as 
indicated. The steps proposed in this pathway bear compari-




> H6 2 C J~~Me 
I
-C62 
6 	 0 
°2 	_jfi 
	
Me 	 Me 	Me 	 Me 
(4) 
0 










Scheme 2 	 - 
Table 1. 180  Isotopically shifted resonances observed in the 100.6 
MHz 13C n.m.r. spec truma of aspyrone (1) enriched from 1802 gas. 
Carbon 6 100 \ô/p.p.m. 160: ISOb 
2 163.2 0.9,3.7 61:20:19 
5 67.7 1.6 63:37 
6 79.3 3.1 78:22 
8 54.6 3.1 62:38 
9 59.0 3.4 63:37 
a For experimental conditions see ref. 9. b  All values (±2%) were 
determined using a Du Pont curve analyser. 
polyether antibiotics 7 where ring closures onto epoxide 
intermediates have been proposed for the formation of 5- and 
6-membered oxygen-containing rings. A further possibility 
which cannot be rigorously excluded at this stage is that the 
carboxylate oxygen atom derived from the atmosphere could 
have been introduced in a final hydroxylation step on an 
aldehyde intermediate in which the aldehyde oxygen is 
derived entirely (e.g. by exchange) from the medium. The 
observed retention of two acetate-derived hydrogens on C-7 in 
both aspyrone 8 and asperlactoneld on incorporation of [2-
13C, 2113]acetate rules out pentaketide-derived intermediates 
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A Convenient Synthesis of Isotopically Labelled Anthraquinones, Chrysophanol, Islan-
dicin, and Emodin. Incorporation of [methyl- 2H3]Chrysophanol into Tajixanthone in 
Aspergilus variecolor 
Salman A. Ahmed, Esfandiar Bardshiri, and Thomas J. Simpson 
Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland 
Cycloaddition reactions of labelled 6methoxy-3-methyl-2-pyrone (1) with naphthoquinones provide the common 
fungal anthraquinones, chrysophanol (2), islandicin (3), and emodin (4) suitably labelled for biosynthetic studies, as 
demonstrated by synthesis and incorporation of Imethyl- 2 H 3)chrysophanol into the xanthone metabolite, 
tajixanthone (17) in Aspergillus variecolor. 
A large number of fungal metabolites including the ergo-
chromes, various benzoph en ones. and xanthones are believed 
to be derived viii oxidative metabolism of anthraquinones.' 
Despite some successful studies) work to establish this 
conclusively has been hampered by the lack of a convenient 
method for synthesising anthraquinones specifically labelled 
with either radioisotopes or stable isotopes. A convenient 
synthesis of chrysophanol (2) bv Diels—Alder reaction of 
6-methoxv-3-methyl-2-pvrone (I) was described recently. 2 
We have also developed a synthesis of mevalonic acid lactone 
from sodium acetate, which is readily available labelled with 
2H, 3H, 13C,  or ' 4C. Extension of these studies to provide the 
common fungal anthraquinones. chrvsophanol (2). islandicin 
(3). and emodin (4) in labelled form suitable for biosynthetic 
studies is now reported. 
The pvrone (I) was synthesised as shown in Scheme J. 
Sodium acetate was converted in high yield into the n-butyl 
ester, which was treated with allvlmagnesium bromide to give 
the alcohol (5). Ozonolysis. and cvciisation of the resultant 
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Scheme 2. Reagents. i. xylene, reflux: ii, HBr. HOAC. 














frh vdroxv methylgIUtaflc acid (6) b treatment with acetyl 
chloride, gave the acetoxy-anhydride (7) which on heating 
gave methy1giutacOniC anhydride (8). Treatment of (8) with 
diazomethane 2  gave the pvrone (1). Reaction of (1) with 
5-hydroxy-1 .4-naphthoquinOfle in refluxing xyiene gave, after 
oxidation and deprotection, chr\'sophanol (2) in 62') yield. 
3. cHEM. SOC., CHEM. COMMUN., 1987 
Direct hydroxylation of chrysophariol, using the method. of 
Cameron, 5  gave islandicin (3), after purification via the 
thacetate, in 65% yield. 
Emodin (4) proved more difficult to obtain. Attempted 
cycloaddition reactions with the naphthoquinOfleS (9)—(12) 
all failed to give isolable products. However, when the pyrone 
(3) was heated in xylene with an excess of 6-acetoxy-2-ChlOro 
8hydroxy-1,4-naphthOqUiflOfle (13)b the anthraquinOne (14) 
was produced in 70% yield after chromatographic isolation. 
Deprotection furnished emodin (4) in essentially quantitative 
yield (Scheme 2). 
Previous studies had indicated that tajixanthone (17) and 
related metabolites in Aspergillus variecolor were formed via 
oxidative cleavage of chrysophanol and the resultant benzo-
phenone (16) as shown in Scheme 3. Repeating the above 
sequence (Scheme 1) with 12_2H1acetate gave Imeth't -
2H 3]chr)'sophanol (15). This was fed in dimethyl suiphoxide 
solution to static cultures of A. variecolor. 2H N.m.r. analysis 
of the isolated tajixanthone showed only one signal at 2.3 
p.p.m. corresponding to the aromatic methyl position. to 
demonstrate the intact and specific incorporation of chryso-
phanol. 
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